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Two  fundamental  issues  related  to  the  remediation  of  aquifers  contaminated  with 
nonaqueous  phase  liquids  (NAPLs)  are  addressed.  First,  the  difficulty  of  ascertaining  the 
amount  and  spatial  distribution  of  the  contaminants  at  a  given  site  has  been  a  limiting  factor 
in  the  cleanup  of  many  sites.  Here,  a  technique  is  presented  for  the  estimation  of  NAPL 
spatial  distributions  using  the  higher  moments  of  partitioning  tracer  breakthrough  curves 
(BTCs)  measured  at  a  single  well  or  monitoring  location.  The  method  is  validated  with 
numerical  simulations  and  further  evaluated  with  laboratory  and  field  experimental  data. 

A  second  constraint  on  the  cleanup  of  contaminated  sites  has  been  the  absence  of 
technologies  which  have  been  proven  to  effectively  and  efficiently  remove  NAPL 
contaminants  from  the  subsurface.  Here,  the  results  of  a  field  test  at  Hill  Air  Force  Base, 

xiii 


Utah,  are  described  wherein  a  Winsor  Type  I  surfactant/alcohol  mixture  was  used  as  an  in 
situ  flushing  agent  to  solubilize  a  multi-component  non-aqueous  phase  liquid  (NAPL)  as  a 
single-phase  microemulsion  (SPME).  The  surfactant  (polyoxyethylene  (10)  oleyl  ether)  and 
alcohol  (n-pentanol)  together  comprised  5.5  percent  by  weight  of  the  flushing  solution.  The 
NAPL  was  extremely  complex,  containing  more  than  200  constituents  and  a  'pitch'  fraction 
which  was  not  solvent-extractable.  The  NAPL  removal  effectiveness  of  the  SPME  flood  is 
evaluated  here  using  information  from  soil  cores,  partitioning  tracer  tests,  and  NAPL 
constituent  breakthrough  curves  (BTCs)  measured  at  extraction  wells  and  multilevel 
samplers.  Quantitative  measures  of  remediation  efficiency  are  developed  for  each  of  these 
characterization  methods  and  the  efficiency  of  the  SPME  flood  is  determined  for  each.  In 
addition,  the  remediation  efficiency  of  an  alcohol  flushing  study,  conducted  earlier  under 
similar  conditions,  was  determined  using  the  same  measures.  The  remediation  efficiencies 
of  both  studies  were  comparable,  removing  relatively  insoluble  contaminants  1 06  times  more 
efficiently  than  would  have  been  expected  for  pump-and-treat. 

Finally,  the  effect  of  rate-limited  NAPL  microemulsification  is  investigated  through 
field-scale  flow  interruption  techniques,  correlations  between  NAPL  remediation  efficiency 
and  local  flux,  and  numerical  simulations.  The  field  data  show  evidence  of  mass-transfer 
rate  limitations,  but  also  suggest  that  these  effects  were  relatively  localized.  Numerical 
modeling  of  laboratory  and  field  data  from  both  the  alcohol  and  SPME  flushing  studies 
indicates  that  microemulsification  is  less  subject  to  rate-limitations  than  cosolvent-enhanced 
solubilization  of  a  complex  NAPL. 
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CHAPTER  1 
INTRODUCTION 


A  major  impediment  to  the  remediation  of  aquifers  contaminated  with  nonaqueous 
phase  liquid  (NAPL)  wastes  has  been  the  difficulty  of  ascertaining  the  amount  and  spatial 
distribution  of  the  contaminants  at  a  given  site.  An  additional  constraint  on  the  cleanup  of 
contaminated  sites  has  been  the  absence  of  technologies  which  have  been  proven  to 
effectively  and  efficiently  remove  NAPL  contaminants  from  the  subsurface.  Thus,  the  focus 
of  this  work  is  on  the  dual  problems  of  contaminated  aquifer  characterization  and 
remediation. 

Aquifer  Contaminant  Source  Zone  Characterization 

Interwell  partitioning  tracers  have  been  used  at  both  the  laboratory  and  field  scales 
to  detect  and  quantify  residual  NAPL  contaminants  in  the  subsurface  (Jin  et  al.,  1 995;  Nelson 
and  Brusseau,  1996;  Annable  et  al.,  1998a,  b).  To  date,  however,  the  interpretation  of 
partitioning  tracer  data  has  been  restricted  to  first  temporal  moment  analyses  for  the 
characterization  of  average  NAPL  saturations.  The  determination  of  the  spatial  distribution 
of  the  NAPL  mass  within  the  flow  domain  has  required  partitioning  tracer  characterization 
at  multiple  sampling  locations.  For  example,  Sillan  et  al.  (1 998)  used  partitioning  tracer  data 
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collected  from  a  network  of  multilevel  samplers  to  create  NAPL  spatial  distribution  maps 
at  a  field  site  both  before  and  after  cosolvent  flushing. 

In  Chapter  2,  a  method  is  described  for  the  use  of  partitioning  tracers  and  the  method 
of  moments  to  characterize  the  spatial  distribution  of  NAPL  contaminants  in  porous  media 
using  only  one  sampling  location.  In  this  approach,  it  is  assumed  that  some  fraction  of  the 
streamlines  within  a  domain  are  uncontaminated  and  that  the  NAPL  saturation  in  the 
remainder  of  the  streamlines  can  be  represented  either  as  a  homogeneous  value,  or  as  a 
distribution  of  saturations.  Equations  are  derived  that  facilitate  the  description  of  the  NAPL 
spatial  distribution  based  on  the  temporal  moments  of  tracer  breakthrough  curves. 
Numerical  simulations  were  conducted  both  to  validate  the  equations  and  to  demonstrate 
their  utility.  The  numerical  simulations  were  also  used  to  investigate  the  impact  of  a 
correlation  between  NAPL  saturation  and  media  properties,  and  how  these  correlations  may 
affect  our  ability  to  describe  the  NAPL  saturation  distribution.  The  method  was  then  applied 
to  controlled  laboratory  experiments  and  two  recent  field-scale  tracer  tests.  The  NAPL 
distributions  that  were  predicted  from  the  field  data  were  compared  to  information  gleaned 
from  more  traditional  methods  (i.e.,  soil  cores). 

Aquifer  Contaminant  Source  Zone  Remediation 

Many  investigators  have  recently  demonstrated  that  in  situ  flushing  techniques  show 
promise  for  the  remediation  of  aquifers  contaminated  with  NAPLs  such  as  fuels  and 
chlorinated  solvents  in  time  frames  much  smaller  than  would  be  expected  for  traditional 
pump-and-treat  methods  (Falta  et  al.,  1996;  Fountain  et  al.,  1996;  Rao  et  al.,  1997).  Similar 
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to  enhanced  oil  recovery  (EOR)  (e.g.,  Shah,  1981;  Lake,  1989),  these  flushing  technologies 
generally  involve  the  addition  of  chemical  agents  to  an  injection  fluid  during  either  miscible 
or  immiscible  displacements  to  accelerate  the  dissolution  or  displacement  of  NAPLs  from 
contaminated  aquifers.  Two  classes  of  chemical  agents  used  for  in  situ  flushing  which  have 
been  the  focus  of  much  study  are  cosolvents  (Peters  and  Luthy,  1993;  Brandes  and  Farley, 
1993;  Augustijn  et  al.,  1994;  Imhoff  et  al.,  1995)  and  surfactants  (Abdul  et  al.,  1992;  West 
and  Harwell,  1992;  Pennell  et  al.,  1993;  Fountain  et  al.,  1996;  Shiau  et  al.,  1996). 

Both  cosolvent  and  surfactant  solutions  can  be  used  to  accelerate  the  removal  of 
residually-trapped  NAPLs  from  porous  media  through  either  mobilization  or  enhanced 
solubilization.  Mobilization  of  NAPL  trapped  within  the  porous  media  by  capillary  forces 
is  facilitated  by  a  reduction  in  the  interfacial  tension  between  the  NAPL  and  the  flushing 
solution  as  either  a  cosolvent  or  surfactant  solution  displaces  the  resident  groundwater  and 
contacts  NAPL  ganglia.  Similarly,  solubilization  of  the  NAPL  is  enhanced  due  to  the 
reduced  polarity  of  the  flushing  solution,  compared  to  that  of  the  resident  groundwater. 

Several  laboratory  and  field  studies  on  NAPL  mobilization  have  shown  that  a  large 
percentage  of  the  NAPL  trapped  in  contaminated  porous  media,  often  >  95%,  can  be 
removed  after  injecting  a  small  number  of  pore  volumes  of  flushing  fluid  (Pennell  et  al., 
1996;  Sabatini  et  al.,  1996).  However,  mobilization  technologies  are  limited  to  sites  where 
the  flow  of  the  mobilized  NAPL  can  be  controlled  and  the  potential  for  migration  of  NAPL 
through  layers  that  previously  acted  as  capillary  barriers  can  be  assured.  Remediation 
technologies  which  rely  on  solubilization  generally  do  not  remove  the  NAPL  as  efficiently 
as  mobilization  technologies.  However,  solubilization  technologies  generally  pose  less  risk 
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with  regard  to  uncontrolled  migration  of  the  mobilized  NAPLs  and  are  less  complex  to 
design,  particularly  with  regard  to  the  number  of  parameters  requiring  optimization.  It  is  for 
these  reasons  that  the  focus  of  researchers  at  the  University  of  Florida  (UF)  has  been  on 
developing  aquifer  remediation  strategies  which  solubilize  NAPLs  without  inducing 
mobilization  (Rao  etal.,  1991;  Augustij net  al.,  1994;  Ouyangetal.,  1996;Rhueetal.,  1999). 

In  Chapter  3,  the  results  are  reported  from  a  field-scale,  in  situ  flushing  aquifer 
remediation  study  conducted  within  a  surficial  aquifer  contaminated  with  a  complex  NAPL 
waste  mixture,  wherein  NAPL  solubilization  without  mobilization  was  the  goal.  This  study 
was  one  of  eight  pilot-scale  tests  funded  by  the  Strategic  Environmental  Research  and 
Development  Program  (SERDP)  and  the  Advanced  Applied  Technology  Demonstration 
Facility  (AATDF),  and  conducted  side-by-side  at  Hill  Air  Force  Base  (AFB),  Utah,  for  the 
purpose  of  evaluating  in  situ  flushing  remediation  technologies  for  the  removal  of  NAPLs 
from  subsurface  environments.  In  1995,  UF  and  the  U.S.  Environmental  Protection  Agency 
(EPA)  conducted  a  field-scale  evaluation  of  in  situ  cosolvent  flushing  within  the  same 
contaminant  source  zone  at  Hill  AFB  (Rao  et  al.,  1997;  Annable  et  al.,  1998b;  Sillan  et  al., 
1998),  wherein  the  flushing  solution  (70%  ethanol,  12%  n-pentanol,  and  18%  water  by 
volume)  was  designed  to  solubilize  the  NAPL.  In  this  second  solubilization  study,  the 
objective  was  to  achieve  high  NAPL  solubilization  efficiencies  with  a  lower  concentration 
of  chemical  additives  in  the  flushing  solution  than  was  required  in  the  cosolvent  flushing 
experiment.  A  surfactant/alcohol  mixture  was  used  to  generate  a  Winsor  Type  I  system, 
where  the  NAPL  was  solubilized  and  transported  as  a  single-phase  microemulsion  (SPME). 
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For  the  SPME  process,  only  5.5  wt  %  of  the  flushing  solution  was  comprised  of  chemical 
additives. 

The  SPME  flushing  study  was  conducted  in  a  hydraulically-isolated  test  cell  (2.8  m 
x  4.6  m),  similar  in  design  to  that  described  by  Rao  et  al.  (1997).  The  amount  and  spatial 
distribution  of  residual  NAPL  within  the  test  cell  were  determined  both  before  and  after 
SPME  flushing  using  soil  cores  and  interwell  partitioning  tracer  tests.  Also,  fluid  samples 
collected  from  extraction  wells  and  multilevel  samplers  at  regular  intervals  during  the  SPME 
flood  were  analyzed  for  target  NAPL  constituents.  Each  of  these  data  sets  was  used  to 
evaluate  the  performance  of  the  SPME  flushing  experiment  in  terms  of  both  the  NAPL 
removal  effectiveness,  defined  as  the  fraction  of  the  initial  amount  of  contaminants  present 
that  was  removed  by  the  remediation  technology,  and  the  NAPL  removal  efficiency,  defined 
as  the  amount  of  NAPL  removed  divided  by  a  measure  of  the  volume  of  flushing  fluid 
applied.  Also,  the  performance  of  the  SPME  flood  was  compared  to  that  of  the  1995 
cosolvent  flood  using  the  same  performance  measures. 

In  Chapter  4,  the  impact  of  rate-limited  mass  transfer  on  both  the  cosolvent  and 
SPME  flushing  studies  was  investigated.  Nonequilibrium  effects  observed  during  NAPL 
dissolution  generally  result  from  diffusion  caused  by  either  large-scale  heterogeneities  in 
media  properties  and  NAPL  distribution  or  local-scale  mass  transfer  constraints.  At  local 
scales,  mass  transfer  across  fluid-solid  or  fluid-fluid  interfaces  within  porous  media  is  often 
diffusion-limited.  At  larger  scales,  hydraulic  conductivity  variability  results  in 
heterogeneous  pore  water  velocity  distributions.  High-velocity  streamlines  are  likely  to 
exhibit  lower  solute  concentrations  than  low- velocity  streamlines  because  of  rate-limited 
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mass  transfer.  Solute  concentrations  will  similarly  vary  among  streamlines  that  contain 
either  different  amounts  of  NAPL,  or  NAPLs  of  different  compositions.  All  of  these  factors 
contribute  to  solute  concentration  gradients  between  streamlines,  which  result  in  solute 
diffusion.  These  diffusion  effects  are  mechanistically  similar  to  those  described  for  rate- 
limited  sorption  processes  (e.g.,  Brusseau  et  al.,  1991).  Augustijn  ( 1 993)  noted  that  aqueous 
dissolution  of  multi-component  NAPLs  can  be  modeled  as  desorption  because  both 
processes  involve  solute  diffusion  through  an  organic  phase  (NAPLs  for  dissolution  and  soil 
organic  matter  for  desorption).  Large-scale  diffusion  limitations  are  also  equivalent  for  both 
process.  Augustijn  (1 993)  also  noted  that  the  similarity  between  dissolution  and  desorption 
is  particularly  acute  when  the  NAPL  contains  a  substantial  fraction  of  insoluble  pitch,  as  was 
the  case  for  both  the  coal  tar  examined  by  Augustijn  and  the  Hill  AFB  NAPL. 

In  Chapter  4,  the  one-dimensional  flow,  cosolvent-enhanced  desorption  code  of 
Augustijn  et  al.  (1994)  was  adapted  to  model  both  cosolvent-enhanced  dissolution  and 
single-phase  microemulsification  of  NAPLs.  This  model  was  applied  to  both  laboratory  and 
field  data  from  both  the  cosolvent  and  SPME  flushing  studies.  Transport  of  the  flushing 
agents  was  described  with  a  one-dimensional  advection-dispersion  equation.  For  the  field 
experiment  simulations,  the  superposition  of  two  solute  transport  equations  was  used  to 
characterize  the  more  complex  heterogeneities  encountered  at  the  field  scale. 
Nonequilibrium  dissolution/desorption  was  described  using  the  bicontinuum  approach, 
wherein  a  fraction  of  the  dissolution/desorption  occurs  instantaneously,  and  the  remainder 
is  characterized  by  a  first-order  mass  transfer  model. 
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Finally,  it  should  be  noted  that  preliminary,  or  less  comprehensive,  versions  of  some 
of  the  material  presented  here  have  been  published  elsewhere:  a  preliminary  version  of  the 
homogeneous  binary  NAPL  distribution  model  in  Chapter  2  can  be  found  in  Jawitz  et  al. 
(1998b),  the  NAPL  removal  effectiveness  of  the  SPME  flood,  detailed  in  Chapter  3,  was 
presented  in  a  more  limited  form  in  Jawitz  et  al.  (1998c),  the  control-plane  approach  to 
characterizing  the  performance  of  the  cosolvent  and  SPME  field  studies  was  described  in 
Jawitz  et  al.  (1999),  and  the  NAPL  removal  efficiency  measures  defined  in  Chapter  3  were 
presented  in  Jawitz  et  al.  (1997b). 


CHAPTER  2 

CHARACTERIZATION  OF  THE  SPATIAL  DISTRIBUTION  OF  AQUIFER  - 
CONTAMINANTS  USING  PARTITIONING  TRACER  HIGHER  MOMENTS 

A  method  is  described  for  the  use  of  partitioning  tracer  breakthrough  curve  moments 
to  characterize  the  spatial  distribution  of  NAPL  contaminants  within  the  swept  volume  of  a 
given  sampling  location.  The  approach  is  based  on  a  binary  model,  wherein  contaminated 
and  uncontaminated  fractions  of  the  swept  zone  are  distinguished.  Two  models  based  upon 
this  approach  are  presented  below:  (1)  the  homogeneous  binary  model  in  which  the  NAPL 
saturation  within  the  contaminated  zone  is  assumed  to  be  homogeneous,  and  (2)  the 
distributed  binary  model  in  which  the  contaminated  zone  is  characterized  by  a  distribution 
of  NAPL  saturations  (the  lognormal  distribution  is  used  here).  The  applicability  of  both 
models  is  explored  using  numerical  simulations  as  well  as  laboratory  and  field  experiments. 

Background  Theory 

Transport  Models 

Equilibrium  advection-dispersion  equation.  Solute  transport  through  porous  media 
can  be  described  as  an  advective-dispersive  process  wherein  solutes  are  advected  at  the 
average  porewater  velocity,  v,  and  the  variability  in  velocities  through  different  sized  pores 
is  described  by  a  dispersion  coefficient,  D.  The  partial  differential  equation  governing  this 
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process  during  one-dimensional,  saturated,  steady  flow  is  known  as  the  advection-dispersion 
equation  (ADE)  and  is  commonly  written  as  follows: 


ndc      „  d2c  dc 

R —  =  D —  -  v —  (7-1) 

dt        dx2  dx 


where  t  is  time,  x  is  distance,  c  is  the  aqueous  solute  concentration,  and  R  is  the  retardation 
factor  for  an  instantaneously  absorbed  solute  following  a  linear  isotherm.  For  a  partitioning 
tracer,  the  retardation  is  a  function  of  the  average  NAPL  saturation  in  the  system,  SN,  and  the 
NAPL-water  partitioning  coefficient,  KN  (Jin  et  al,  1995): 

p      ,  A  KNSN 

~nrN  <2-2> 

The  retardation  factor  is  determined  from  the  ratio  of  the  mean  arrival  times  of  the 
partitioning  tracer,  tp,  and  the  nonpartitioning  tracer,  tnp,  both  corrected  for  the  solute  pulse 
injection  duration,  t0: 


, -'± 

p  2 

R  =   T  (2-3) 

t  -± 

np  2 


Equation  2-1  can  be  simplified  to  the  following  nondimensional  form: 

DdC      1  d2C  dC 

(2-4) 


dT      P  dx2  dX 
where  the  following  dimensionless  variables  are  defined 
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(2-5) 


(2-6) 


(2-7) 


(2-8) 


where  P  is  the  Peclet  number,  L  is  the  system  length,  Tis  the  number  of  pore  volumes  (PV), 
and  c0  is  the  solute  input  concentration. 

Nonequilibrium  advection-dispersion  equation.  When  solute  sorption,  or 
partitioning,  is  kinetic  rather  than  instantaneous,  a  nonequilibrium  transport  model  is 
required.  The  nonequilibrium  model  used  here  is  the  two-site  model  where  solute 
partitioning  is  assumed  to  be  instantaneous  into  some  fraction  of  the  NAPL,  F,  and 
kinetically  limited  by  a  first-order  process  into  the  remaining  fraction.  Nkedi-Kizza  et  al. 
(1984)  demonstrated  that  this  model  is  mathematically  equivalent  to  the  two-region  model, 
wherein  the  nonequilibrium  transport  is  caused  by  rate-limited  mass  transfer  between  a 
mobile  and  immobile  zone.  The  governing  partial  differential  equations  for  the  two-site 
model  can  be  written  in  dimensionless  form  as  follows: 


ac,    ac2    i  a2c,  ac, 


— -  +  — _  =  _  -  -  i 

dT       dT      P  dx2  dX 


(2-9) 
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dC 

-^1  =  (o[(l  -f)(*-l)C,  -C2]  (2-10) 


where  the  subscripts  1  and  2  refer  to  the  instantaneous  and  rate-limited  fractions, 
respectively,  and 


F  K.,  S>, 


P  =  -j  (2-12) 


w  =  —  (2-13) 


where  ^  is  a  first-order  kinetic  rate  coefficient.  Note  that  this  form  of  the  two-site 
nonequilibrium  model,  adapted  from  Augustijn  et  al.  (1994),  differs  from  the  more 
commonly  presented  versions  (e.g.,  Nkedi-Kizza  et  al.,  1984;  Valocchi,  1985)  in  that  the 
Damkohler  number,  co,  is  independent  of  P  and  R. 

Lognormal  distribution  (transfer  function  approach).  Jury  (1982)  proposed  modeling 
solute  breakthrough  curves  (BTCs)  as  lognormal  travel  time  distributions  as  an  alternative 
to  the  ADE.  An  advantage  of  this  strategy  is  that  parameters  affecting  solute  travel  time  can 
be  estimated  without  the  constraint  of  describing  the  transport  processes.  A  lognormal 
random  variable  X  is  one  for  which  Y  =  In  X  is  normally  distributed  with  mean  u  and 
standard  deviation  o.  If  solute  arrival  time,  /,  is  considered  as  a  random  variable,  then  the 
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lognormal  probability  density  function  (?D¥),J{t),  for  a  pulse  input  of  duration  /0  is  described 
by  the  following  equation: 


M  =  — ^—  exp 
slT/kat 


(ln(Q  -  u)2 
2o2 


(2-14) 


Method  of  Moments 

The  method  of  moments  is  an  effective  technique  for  determining  model  parameters 
from  measured  data.  The  Mh  temporal  moment,  mN,  of  a  distribution,  fit),  is  defined: 

mN  =  jtNMdt  (2-15) 
o 

The  absolute  moments  of  measured  BTCs  are  calculated  by  replacing  fij)  in  (2-15)  with 
measured  solute  concentration  values,  C(t).  Normalized  moments  are  Mh  absolute  moments 
scaled  to  the  zeroth  moment.  Model  parameters  are  determined  by  equating  measured 
moments,  determined  through  numerical  integration  of  measured  data  (e.g.,  Haas,  1996), 
with  derived  moment  expressions,  generating  a  system  of  jV  equations  that  can  be  solved  for 
N model  parameters.  The  first  three  pulse-corrected,  normalized  temporal  moment  equations 
for  the  equilibrium  ADE,  nonequilibrium  ADE,  and  lognormal  distribution  models  are 
presented  in  Table  2- 1  (adapted  from  Valocchi,  1 985;  Helms  et  al.,  1 999;  and  Aitchison  and 
Brown,  1957).  The  dimensionless  units  of  these  moment  equations,  mN,  are  PV". 
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NAPL  Distribution  Models 

Excess  Spreading  of  Tracer  BTCs 

Consider  the  two-dimensional  porous  medium  of  Figure  2- la,  wherein  the  entire 
domain  is  contaminated  with  NAPL  at  a  homogeneous  saturation.  The  media  properties, 
such  as  porosity,  r\,  and  intrinsic  permeability,  k,  are  not  necessarily  homogeneous,  but  are 
assumed  to  be  stationary  (i.e.,  the  statistics  describing  the  variability  of  these  properties  are 
constant  in  space).  A  BTC  measured  from  the  transport  of  a  nonpartitioning  tracer  through 
the  domain  will  exhibit  some  degree  of  spreading,  characterized  by  the  second  moment,  that 
is  representative  of  the  degree  of  heterogeneity  of  the  media.  The  transport  of  a  partitioning 
tracer  through  the  same  domain  will  be  retarded  according  to  (2-2)  and  the  measured  BTC 
will  exhibit  a  greater  degree  of  spreading  than  that  of  the  nonpartitioning  tracer.  Assuming 
that  transport  is  adequately  described  by  the  ADE  and  that  partitioning  is  both  instantaneous 
and  linear,  the  partitioning  tracer  second  moment,  ,  can  be  expressed  in  terms  of  the 
nonpartitioning  tracer  second  moment,  m2np,  and  R  (see  Table  2-1).  Any  BTC  spreading 
beyond  that  expected  based  on        and  R  can  be  considered  as  'excess'  spreading. 

A  nonhomogeneous  NAPL  distribution  can  contribute  to  excess  spreading  of  a 
partitioning  tracer  BTC  that  is  manifested  in  the  higher  moments  (i.e.,  N>  \).  Here,  the 
nonpartitioning  and  partitioning  tracer  moments  are  used  to  infer  the  NAPL  spatial 
distribution  based  on  the  concept  of  excess  spreading.  However,  the  following  factors  can 
also  lead  to  excess  spreading  of  a  partitioning  tracer  BTC:  nonequilibrium  partitioning, 
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Figure  2-1.  Schematic  representation  of  a  two-dimensional  domain  with  (a)  uniformly 
distributed  NAPL,  and  (b)  the  same  volume  of  NAPL  distributed  over  only  20%  of  the 
domain. 
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nonlinear  partitioning  and  a  correlation  between  SN  and  hydraulic  conductivity,  K.  The 
applicability  of  each  of  these  factors  is  discussed  below. 

Nonequilibrium  partitioning.  The  effects  of  nonequilibrium  sorption,  or  partitioning, 
on  tracer  higher  moments  were  described  by  Valocchi  (1985).  Inspection  of  the 
nonequilibrium  ADE  moment  equations  in  Table  2- 1  reveals  that  nonequilibrium  effects  lead 
to  enhanced  spreading  (i.e.,  larger  second  and  third  moments)  relative  to  equilibrium 
conditions.  Jin  et  al.  (1995)  found  that  pore  water  velocities  of  0.5  to  1.5  m/d  were  slow 
enough  to  approximate  equilibrium  conditions  for  partitioning  of  alcohol  tracers  into 
tetrachloroethylene.  The  models  developed  here  are  based  on  the  assumption  that 
partitioning  tracer  residence  times  are  sufficient  to  ensure  equilibrium  partitioning. 
However,  the  velocities  suggested  by  Jin  et  al.  (1995)  are  quite  low  and  may  be  impractical 
for  field-scale  experiments.  Thus,  the  impact  of  using  higher  velocities  was  investigated  in 
the  laboratory  experiments  reported  below. 

Nonlinear  partitioning.  Wise  et  al.  (1999)  demonstrated  that  the  partitioning  of 
alcohol  tracers  into  NAPLs  is  nonlinear  over  broad  concentration  ranges.  Wise  (1999) 
provided  an  example  case  of  an  alcohol  tracer  partitioning  into  TCE  and  calculated  the 
expected  partitioning  tracer  first  moment  for  different  degrees  of  isotherm  nonlinearity, 
demonstrating  that  significant  errors  may  result  from  assuming  linear  partitioning.  Because 
of  the  exponential  nature  of  higher  moments  (see  Equation  2-15),  the  errors  for  higher 
moments  will  be  proportionately  higher.  However,  Wise  et  al.  (1 999)  demonstrated  that  the 
common  practice  of  using  a  suite  of  partitioning  tracers  (e.g.,  Jin  et  al.,  1995;  Annable  et  al., 
1998)  may  cause  the  partitioning  behavior  to  approach  linearity.   Also,  Wise  (1999) 
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suggested  that  consideration  of  isotherm  linearity  should  be  made  during  tracer  selection  and 
that  by  using  low  tracer  injection  concentrations,  nonlinear  effects  can  be  minimized.  Thus, 
for  this  work  linear  partitioning  was  assumed.  The  effect  of  varying  tracer  injection 
concentrations,  and  thus,  the  degree  of  nonlinearity,  was  investigated  in  the  laboratory 
experiments  described  below. 

Correlation  between  SN  and  K.  Many  investigators  have  studied  the  effects  of  a 
correlation  between  hydraulic  conductivity,  or  media  permeability,  and  sorption  coefficient, 
Kd,  on  solute  transport  through  the  use  of  numerical  or  analytical  models  (Valocchi,  1 989; 
Cvetkovic  and  Shapiro,  1990;  Robin  et  al.,  1991;  Bellin  et  al.,  1993;  Tompson,  1993). 
Because  the  sorption  coefficient  is  related  to  the  amount  of  organic  matter  present  (e.g., 
Schwarzenbach  et  al.,  1993),  Kd  will  here  be  considered  to  be  analogous  to  SN.  All  of  the 
studies  cited  above  have  shown  that  a  negative  correlation  between  Kd  and  K  leads  to 
enhanced  spreading  relative  to  the  uncorrelated  case,  while  a  positive  correlation  leads  to  less 
spreading.  For  the  negatively  correlated  case,  reactive  tracers  traveling  along  low  velocity 
(i.e.,  low  permeability)  streamlines  will  experience  high  Kd  values  and  be  more  retarded, 
leading  to  longer  travel  times  and  more-elongated  BTCs.  For  the  positively  correlated  case, 
reactive  solutes  traveling  along  high  velocity  streamlines  will  be  more  highly  retarded, 
allowing  the  solutes  traveling  along  the  low  velocity,  and  low  retardation,  streamlines  to 
catch  up,  resulting  in  more-compressed  BTCs. 

Similar  effects  would  be  expected  for  correlations  between  SN  and  K,  however,  little 
experimental  evidence  exists  to  support  a  general  model  for  a  correlation  between  these 
parameters.  Intuitive  arguments  can  be  made  for  both  positive  and  negative  correlations. 
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For  example,  following  a  contamination  event  at  the  surface,  NAPLs  migrate  downwards  due 
to  gravitational  forces  and  NAPL  ganglia  become  trapped  in  the  pore  spaces  by  capillary 
forces.  Large-pore,  and  thus  high  conductivity,  portions  of  the  media  will  likely  have  lower 
amounts  of  trapped  NAPL  than  smaller-pore  portions  (e.g.,  Powers  et  al.,  1992),  indicating 
a  negative  correlation  between  SN  and  K.  However,  as  migrating  NAPLs  encounter  low- 
permeability  regions,  high  entry  pressures  prevent  NAPLs  from  entering  very  small  pore 
spaces,  resulting  in  the  accumulation  of  NAPLs  as  thin  lenses  or  pools  on  top  of  low 
permeability  zones  at  many  sites  (e.g.,  Frind  and  Keuper,  1991).  Thus,  low  permeability 
zones  would  exhibit  the  lowest  NAPL  saturations,  indicating  a  positive  correlation  between 
SN  and  K.  These  conflicting  arguments  allude  to  the  complex  nature  of  the  distribution  of 
NAPLs  in  the  subsurface,  and  the  inadequacy  of  a  simple  model  for  the  presumption  of  a 
correlation  between  SN  and  K. 

Also,  because  media  properties  and  model  parameters  are  often  inferred  from  tracer 
arrival  time  distributions  (i.e.,  BTCs),  as  will  be  done  here,  any  correlation  between  SN  and 
K  may  be  of  secondary  importance  to  the  correlation  between  SN  and  nonpartitioning  tracer 
travel  time.  The  specific  discharge,  q,  through  a  one-dimensional  porous  medium  is 
described  by  Darcy's  law: 


(2-16) 


where 


^  =  vti 


(2-17) 
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and  h  is  the  hydraulic  head,  Q  is  the  fluid  flow  rate,  A  is  the  media  cross-sectional  area,  and 
r|  is  the  media  porosity.  Nonpartitioning  solute  travel  time  is  inversely  proportional  to  the 
average  velocity: 

'  =  7  (2-18) 
Therefore,  travel  time  and  K  can  be  related  by  combining  (2-16)-(2-18)  and  integrating: 

' =  "*.<£-*,  j  (2-19) 

where  Km  is  representative  of  the  mean  hydraulic  conductivity  along  the  streamline.  If  L,  r\, 
and  h  are  assumed  to  be  equal  for  each  streamline,  then  the  solute  arrival  time,  /,  for  a  given 
streamline  is  strictly  inversely  proportional  to  K.  Correlations  between  SN  and  K  can  then 
be  transformed  to  correlations  between  SN  and  t.  However,  for  three  dimensional, 
heterogeneous  fields,  L  is  not  likely  to  be  equal  for  each  streamline.  Also,  for  domains  that 
are  more  complex  than  simple  linear  flow  systems,  solute  travel  time  may  be  affected  by 
other  factors.  In  doublet  well  patterns,  for  example,  a  wide  distribution  of  streamline  lengths 
is  produced  by  the  flow  system  geometry  even  in  homogeneous  media,  and  solute  travel 
times  and  hydraulic  conductivity  are  not  directly  proportional.  Therefore,  any  correlations 
that  may  exist  between  SN  and  K  may  be  only  weakly  manifested  in  measured  BTCs. 

However,  for  comparison  with  the  extensive  literature  on  the  correlation  between  Kd 
and  K,  moment  equations  were  derived  that  account  for  correlations  between  SN  and 
nonpartitioning  solute  travel  time.  Correlations  between  SN  and  K  were  included  in  the 
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numerical  simulations  presented  below  and  the  effect  of  these  correlations  on  solute  travel 
times  is  discussed. 

Binary  Model  Framework  and  Assumptions 

Consider  a  two-dimensional  domain  wherein  a  fraction,  /  of  the  total  number  of 
streamtubes  in  the  domain  are  contaminated  with  NAPL  at  an  average  saturation  SN  (Figure 
2- lb).  A  tracer  BTC  representing  transport  through  the  entire  domain,  T,  can  be  obtained 
through  the  superposition  of  BTCs  representing  transport  through  the  contaminated  and 
uncontaminated  fractions  of  the  domain.  The  normalized  moments  of  a  tracer  BTC  from  T 
can  be  similarly  obtained  through  superposition  of  the  normalized  moments  of  BTCs  from 
both  portions  of  the  domain: 

™Nt  =  (1  ~f)mNm  +  fmNc  (2-20) 

where  the  subscripts  uc  and  c  refer  to  the  uncontaminated  and  contaminated  fractions, 
respectively. 

Note  that  because  BTCs  measured  at  extraction  wells  are  flux-averaged,  fin  (2-20) 
represents  the  flux-averaged  contaminated  fraction  of  the  domain.  However,  it  is  the 
volume-averaged  contaminated  fraction  that  is  likely  to  be  of  more  interest  to  contaminant 
hydrologists.  If  the  porous  media  properties  are  assumed  to  be  stationary,  as  will  be  done 
here,  the  mean  permeabilities  in  the  contaminated  and  uncontaminated  fractions  will  be 
equivalent  and  the  flux  through  each  zone  will  be  related  to /  Thus,  for  stationary  fields,/ 
is  representative  of  both  the  flux-averaged  and  volume-averaged  contaminated  fractions. 


21 

Two  binary  models  of  NAPL  distribution  are  explored  here:  (1)  the  homogeneous 
binary  model,  wherein  a  fraction  of  the  streamtubes  are  assumed  to  be  homogeneously 
contaminated,  and  (2)  the  distributed  binary  model,  wherein  the  streamtubes  within  the 
contaminated  fraction  are  characterized  by  a  distribution  of  NAPL  saturations.  The  binary 
approach  is  advantageous  because  tracer  test  swept  volumes  may  include  relatively  large 
portions  of  an  aquifer  that  do  not  contain  NAPL.  The  ability  to  differentiate  these  zones  is 
important  for  the  design  of  efficient  remediation  strategies. 

Effect  of  NAPL  on  media  properties.  Because  the  media  properties  are  assumed  to 
be  stationary,  the  only  difference  between  the  contaminated  and  uncontaminated  zones  is  the 
presence  of  the  NAPL.  Partitioning  into  the  NAPL  will  cause  the  transport  of  a  partitioning 
tracer  through  the  contaminated  zone  to  be  retarded  relative  to  the  uncontaminated  zone,  but 
nonpartitioning  tracer  transport  should  be  unretarded  in  both  zones  (assuming  no  adsorption 
to  the  media).  However,  the  transport  behavior  of  a  nonpartitioning  tracer  through  the  two 
zones  may  differ  in  other  ways  because  of  the  effects  of  the  NAPL  on  media  permeability 
and  porosity.  The  nature  of  these  effects  may  be  influenced  by  the  wetting  characteristics 
of  the  NAPL. 

Non-wetting  phase  contaminants  present  at  saturations  below  the  residual  saturation 
are  generally  trapped  by  capillary  forces  and  exist  as  discontinuous  ganglia  residing  in  the 
pore  spaces  between  media  particles.  The  presence  of  these  ganglia  result  in  reductions  in 
the  effective  porosity  and  permeability  of  the  media,  as  described  by  the  following 
relationships: 
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ne  =  Tl  (1  -SN)  (2-21) 

ke=k(l-SNf  (2-22) 

where  ( is  an  empirically  determined  constant  with  values  reported  between  3  and  4  (Corey, 
1986)  and  the  subscript  e  indicates  an  effective,  rather  than  intrinsic,  media  property.  At 
saturations  above  residual,  the  non-wetting  phase  becomes  locally  continuous  and  may  be 
free-flowing.  These  higher-saturation  cases  (e.g.,  NAPL  pools)  will  not  be  considered  here. 
Hydraulic  conductivity  and  media  permeability  are  related  as  follows: 

K  =  —  (2-23) 

where  pw  and  uw  are  the  fluid  density  and  dynamic  viscosity,  respectively,  and  g  is  the 
gravitational  acceleration.  Substitution  of  the  effective  porosity  and  permeability,  described 
by  (2-21)  and  (2-22),  into  (2-23)  and  (2-17),  and  combination  with  (2-16)  enables  the 
expression  of  pore  water  velocity  in  terms  of  the  NAPL  saturation: 

*0  dh 

v  =  —  (2-24) 

r\  dx 

Thus,  velocities  will  be  lower  in  zones  with  relatively  high  NAPL  saturations  (i.e.,  flow 
bypassing  occurs  around  the  low-permeability  NAPL  zones).  Note  that  if  a  value  of  (  =  1 
is  assumed,  the  effect  of  SN  on  velocity  in  (2-24)  is  eliminated.  While  this  may  not  be  a  valid 
assumption  for  most  cases,  data  presented  by  Chevalier  et  al.  (1997)  and  van  Valkenburg 
( 1 999)  suggest  that  for  SN  <  0. 1 ,  a  value  of  (  =  2  may  be  reasonable.  Thus,  for  this  range  of 
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NAPL  saturations,  ignoring  the  effect  of  SN  on  velocity  should  result  in  errors  of  less  than 
1 0%.  Most  of  the  applications  discussed  here  involve  NAPL  saturations  of  less  than  0. 1 ,  and 
thus,  throughout  most  of  this  work,  the  effect  of  the  NAPL  on  the  effective  media  properties 
is  ignored.  However,  an  approximate  method  of  accounting  for  these  effects  is  described 
below. 

Wetting-phase  contaminants  are  likely  to  form  relatively  thin  coatings  on  aquifer 
materials.  At  NAPL  saturations  in  the  range  of  interest  here  (i.e.,  SN  <  0.1),  the  resulting 
effects  of  wetting-phase  NAPLs  on  porosity  and  permeability  will  be  much  lower  than  those 
for  nonwetting-phase  contaminants  and  the  errors  associated  with  ignoring  these  effects 
should  be  small. 

Flow  bypassing.  The  assumption  that  /  is  representative  of  both  the  flux-  and 
volume-averaged  contaminated  fractions  is  dependent  on  the  effects  of  the  NAPL  on  the 
media,  as  discussed  above.  Approaches  for  the  consideration  of  flow  bypassing  were 
discussed  by  Soerens  et  al.  (1998)  in  the  context  of  both  discrete  and  continuous  NAPL 
distributions.  For  the  homogeneous  binary  model,  the  mean  velocity  through  the  entire 
domain,  vT,  can  be  expressed  (adapted  from  Soerens  et  al.,  1998): 

vr  =  0  ~f)vuc  +fvc  (2-25) 

From  (2-24),  the  velocity  in  the  contaminated  zone  can  be  expressed  in  terms  of  the  velocity 
in  the  uncontaminated  zone: 

vc  =  vMC(l-5/'  (2.26) 
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The  relative  velocity  through  the  contaminated  fraction,  vJvT,  is  then: 

—  =   "  TT  (2-27) 

vt  (l-zwa-s/-1 

The  flux-averaged  contaminated  fraction  of  the  domain,^,  can  then  be  expressed: 

ff  =  fVf  (2-28) 

Thus,  in  order  to  account  for  flow  bypassing,  (2-20)  can  then  be  rewritten  in  terms  of ff. 

mNj  =  (1  -ff)mNK  *  ffmNc  (2.29) 

For  the  distributed  binary  model,  each  streamtube  will  have  a  different  NAPL 
saturation,  resulting  in  a  distribution  of  velocities,  each  described  by  (2-26).  Assuming  N 
streamtubes  in  the  contaminated  fraction,  the  average  velocity  through  the  entire  domain  can 
be  expressed: 

f  N 

vr  =  (i  -/)v„c  +  iX\  (2-30> 

TV  ,=i  1 

By  applying  (2-26)  and  (2-27)  to  individual  streamtubes,  the  relative  velocity  of  each  can  be 
determined  as  follows  (again  adapted  from  Soerens  et  al.,  1998): 
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A  correction  to  /  that  accounts  for  flow  bypassing,  analogous  to  (2-28),  must  then  be 
determined  for  each  streamtube.  If  the  simplifying  approximation  of  substituting  the  average 
NAPL  saturation  within  the  contaminated  zone  for  SN  in  (2-31),  then  this  equation  reduces 
to  (2-27).  Errors  resulting  from  this  approximation  should  be  minimal  as  long  as  the  fraction 
of  the  domain  that  contains  large  NAPL  saturations  is  small.  This  approach  allows  the  use 
of  (2-29)  for  both  the  homogeneous  and  distributed  binary  models. 

In  the  equations  presented  below,  the  contaminated  fraction  will  be  represented  as 
/and  flow  bypassing  effects  will  be  ignored.  However,  bypassing  effects  can  be  included 
through  substitution  of  j^for /  The  impact  of  flow  bypassing  was  investigated  in  relation  to 
the  laboratory  experiments  reported  below  but  was  not  considered  in  the  numerical 
simulations  or  field  experiments. 

Homogeneous  Binary  Model 

In  this  model,  a  fraction,/  of  the  streamtubes  within  the  domain  are  assumed  to  be 
homogeneously  contaminated  with  NAPL  at  saturation  SN  (Figure  2- lb).  It  is  assumed  that 
flow  is  one-dimensional  and  NAPL-water  partitioning  is  instantaneous  and  linear.  Also, 
each  streamtube  is  assumed  to  be  independent.  For  this  analysis,  only  the  equilibrium  ADE 
and  lognormal  distribution  transport  models  will  be  considered.  Four  parameters,  then,  are 
required  to  describe  reactive  solute  transport  through  this  binary  system:  two  that  describe 
the  nonpartitioning  solute  behavior-./?  and  P  for  the  ADE  model,  and  u  and  o  for  the 
lognormal  distribution  model-and  two  that  describe  the  NAPL  saturation  distribution-/and 
SN. 
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Assuming  that  the  NAPL  does  not  significantly  affect  media  properties, 
nonpartitioning  tracer  transport  is  identical  in  the  contaminated  and  uncontaminated  regions. 
The  fractional  contribution  of  the  contaminated  zone  to  the  moments  of  a  nonpartitioning 
tracer  BTC  measured  across  the  entire  domain  may  be  written: 

<c  -f<\  (2-32) 

Because  the  contaminated  and  uncontaminated  zone  nonpartitioning  tracer  moments  are 
equivalent  to  the  total  domain  moments,  the  subscript  Twill  be  dropped  when  referring  to 
the  nonpartitioning  tracer  moments  hereafter. 

For  a  partitioning  tracer,  transport  through  the  Uncontaminated  region  of  the  domain 
should  be  identical  to  that  of  the  nonpartitioning  tracer.  Thus,  the  moments  of  a  partitioning 
tracer  BTC  measured  across  the  entire  domain  can  be  expressed  as  follows: 

KT  =  0  -/)«7  +fmNc  (2-33) 

Partitioning  tracer  moment  equations  for  the  contaminated  portion  of  the  domain  can 
be  developed  by  rearranging  (2-3)  to  express  partitioning  tracer  arrival  time  as  a  function  of 
nonpartitioning  tracer  arrival  time: 

/     =  Rt    -R.1+J.  (2.24) 
Pc  np         2  2 

where  the  tracer  arrival  times  are  now  considered  to  be  random  variables,  and  R  and  t0  are 
constants  for  each  streamtube.  The  Nth  moment  of  a  partitioning  tracer  BTC  can  then  be 
determined  by  taking  the  expected  value  of  both  sides  of  (2-34): 
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m 


Pc 


=  E 


(2-35) 


where  the  expected  value  operator,  E[X]  is  a  notation  for  the  integral: 


E[X\  =  fXf(t)dt 


(2-36) 


Expansion  of  (2-35)  leads  to  expressions  for  the  normalized  temporal  moments  of  the 
partitioning  tracer  travel  time  distribution  measured  through  the  homogeneously 
contaminated  fraction  of  the  domain.  Incorporation  of  these  equations  into  (2-33)  results  in 
the  following  expressions  for  the  first  two  moments  of  a  partitioning  tracer  BTC  measured 
through  the  entire  domain: 


where  /^represents  the  retardation  factor  in  the  contaminated  fraction  and  can  be  related  to 
the  total  retardation,  RT,  by  RT  =  (1  -f)  +fR 

The  parameters  describing  the  solute  travel  time  distribution  can  be  determined  from 
the  nonpartitioning  tracer  BTC  using  the  moment  equations  presented  in  Table  2-1.  The 
unknown  NAPL  distribution  parameters  can  then  be  determined  from  the  partitioning  tracer 
BTC  moments  by  solving  (2-37)  and  (2-38). 


m 


(2-37) 


m 


{R}-2Rf+\)  (2-38) 


28 

Distributed  Binary  Model 

It  is  perhaps  more  likely  that  NAPL  saturations  within  a  contaminated  zone  will  be 
distributed,  rather  than  homogeneous.  Here,  the  lognormal  PDF  is  used  to  describe  both  the 
travel  time  and  NAPL  saturation  distributions,  where  the  saturation  is  assumed  to  be 
homogeneous  within  a  given  streamtube.  Using  this  approach,  five  parameters  are  now 
required  to  describe  reactive  solute  transport  through  the  system:  two  parameters  that 
describe  the  nonpartitioning  solute  behavior,  \inp  and  a„p,  one  that  quantifies  the  contaminated 
fraction  of  the  domain,/  and  two  that  describe  the  NAPL  saturation  distribution  within  the 
contaminated  fraction,  uc  and  oc  . 

The  five  unknown  parameters  can  be  estimated  using  five  moment  equations:  two  for 
the  nonpartitioning  tracer  and  three  for  the  partitioning  tracer.  The  presence  of  the  NAPL 
is  again  assumed  to  have  minimal  impact  on  the  nonpartitioning  tracer  moments.  The 
parameters  describing  the  solute  travel  time  distribution  can  then  be  determined  from  the 
nonpartitioning  tracer  BTC  using  the  moment  equations  presented  in  Table  2- 1 ,  as  was  done 
for  the  homogeneous  binary  model,  except  that  here  the  lognormal  distribution  moment 
equations  are  used. 

Partitioning  tracer  moment  equations  for  transport  through  the  contaminated  zone  can 
be  determined  by  expressing  partitioning  tracer  arrival  time  as  a  function  on  nonpartitioning 
tracer  arrival  time,  again,  as  was  done  for  the  homogeneous  binary  model.  For  mathematical 
simplicity,  it  will  be  assumed  here  that  the  quantity  S  =  SNI{\  -  SN),  rather  than  SN,  is 
distributed  lognormally.  Making  this  simplification  in  (2-2)  and  substituting  into  (2-34) 
results  in: 
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t     =  t    +  KN  St  -KNS 

pc         np        N      np  2 


(2-39) 


where  both  tnp  and  S  are  lognormal  random  variables.  The  contaminated  zone  partitioning 
tracer  moments  are  then: 


K  =  E 


/ 

=  E 

Pc 

A 

f, 


r   +ATA/5r  -KUS— 

np        N     np        N  ^ 


(2-40) 


Solution  of  (2-40)  requires  the  use  of  the  following  identities  for  lognormal  distributions: 
Z  =  XY       uz  =  uv+uy,  az  =  o^.  +  Oy  +  2poA,or  (2-41) 


E[XaF*]  =  mfm^exp(abpaxoY) 


(2-42) 


where  X,  y,  and  Z  are  lognormally  distributed  random  variables,  a  and  6  are  constants,  and 
p  is  the  correlation  coefficient  between  A' and  Y  (the  derivations  of  (2-41)  and  (2-42)  can  be 
found  in  Jury  and  Roth  (1990)  and  Appendix  A,  respectively).  The  correlation  coefficient 
quantifies  the  degree  of  interrelation  between  two  random  variables  and  is  defined: 


P  = 


\X-m,X){Y-mxY)] 


°x°y 


(2-43) 


Expansion  of  (2-40),  and  the  incorporation  of  (2-41)  and  (2-42),  results  in  the 
following  expressions  for  the  first  three  moments  of  the  partitioning  tracer  BTC  measured 
through  the  entire  domain: 
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=  (1  -f)mr  +Am?+KNm?pmxSexv{9onpos)-mx>KN-± 


S  v  '0 


(2-44) 


<  =0  -/)<"  +  / 


+  2£/vm2"/'  7W  ,J  exp(2  p  o  o5) 


KNtQm"pm^xp{pa  as)  -  K^m"" m2  txp{2ponpas)  (2-45) 


2         np  S 


+  K2Nm2npm2exp(4pa  os)  +  K^m2 


np'i>'      --/vu    "1  — rx— r  np 
2     S  '0 


+  3K2m"pm2exp(6panpas)  -  3KNm2pmls^ exp(2panpas) 
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t  t 
3KiNm2npmf-^exp(6ponpos)  +  3K3Nm"pm3S -^exp(3ponpos) 


+  K3Nm"pm3sexp(9ponpos)  -  K3Nm3s  j 


(2-46) 


Significance  Relative  to  Lagrangian  Stochastic  Theory 

The  moment  equations  listed  in  Table  2-1  are  representative  of  one-dimensional 
solute  transport.  These  equations  can  be  used  with  BTCs  that  are  generated  from  multi- 
dimensional transport  processes,  but  the  resulting  parameters  will  be  representative  of 
equivalent  one-dimensional  processes.  An  alternative  approach  for  the  computation  of  BTC 
moments  from  parameters  that  are  descriptive  of  multi-dimensional  transport  processes  is 
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the  stochastic  Lagrangian  framework  that  has  been  developed  to  consider  nonreactive  and 
reactive  solute  transport  in  multi-dimensional  heterogeneous  porous  media  (e.g.,  Dagan, 
1989;  Cvetkovic  and  Shapiro,  1990;  Bellin  et  al.,  1993;  Cvetkovic  et  al.,  1998;  Demmy  et 
al.,  1999). 

The  appeal  of  the  Lagrangian  approach  is  that  nonreactive  and  reactive  tracer  BTC 
moments  can  be  estimated  based  on  statistics  that  describe  the  point  variability  in  the  media 
and  contaminant  properties,  with  the  presumption  that  these  statistics  can  estimated  through 
point  sampling,  while  the  focus  here  is  on  the  inverse  problem  of  estimating  unknown  media 
and  NAPL  saturation  distribution  parameters  from  tracer  BTCs.  Note  that  the  models 
described  above  allow  for  the  determination  of  the  distribution  of  travel  times  and  NAPL 
saturations  between  streamtubes,  not  the  point  distribution. 

Nonpartitioning  tracer  transport.  For  a  nonpartitioning  tracer  instantaneously  injected 
into  a  heterogeneous  multi-dimensional  porous  medium  in  proportion  to  the  local  velocity 
(i.e.,  injected  in  flux,  using  the  terminology  of  Kreft  and  Zuber,  1978  and  Demmy  et  al., 
1999),  the  first  two  normalized  temporal  moments  of  a  BTC  measured  at  a  position  x  along 
the  mean  flow  direction  can  be  written  in  terms  of  the  media  properties  as  follows  (Demmy, 


1999): 


x 


m 


(2-47) 


U 


(2-48) 
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where  it  is  assumed  that  the  hydraulic  conductivity  field  is  isotropic  and  exponentially 
correlated  with  correlation  length  X  and  standard  deviation  oK,  K  is  a  shape  factor  that  is 
dependent  on  the  media  geometry,  and  U  is  the  average  pore  water  velocity  and  is  defined 

"  =  ^Y  (2-49) 

where  K?  is  the  geometric  mean  of  the  hydraulic  conductivity  field,  equivalent  to  exp(u^), 
J  is  the  mean  hydraulic  gradient,  0  is  the  mobile  water  content,  and  i|/  is  a  shape  factor 
dependent  on  the  dimensionality  of  the  flow  system. 

Partitioning  tracer  transport.  Cvetkovic  et  al.  (1998)  developed  a  theoretical 
framework  for  describing  reactive,  or  partitioning,  tracer  transport  through  multi-dimensional 
heterogeneous  porous  media  based  on  the  concept  of  an  integrated  Lagrangian  reactive  flow 
path  statistic,  u.  These  authors  derived  analytical  solutions  for  the  temporal  moments  of  a 
reactive  tracer  BTC  in  terms  of  the  moments  of  the  nonreactive  tracer  and  u.  This  approach 
is  analogous  to  the  streamtube-based  method  described  above  wherein  partitioning  tracer 
temporal  moments  were  derived  in  terms  of  the  nonpartitioning  tracer  and  S  distribution 
moments.  However,  the  Lagrangian  reactive  transport  equations  are  not  simple  closed-form 
solutions  like  (2-47)  and  (2-48).  In  addition,  the  first-order  approximate  solutions  for  the 
moments  of  u  that  were  presented  by  Cvetkovic  et  al.  (1998)  were  subject  to  relatively  large 
errors  (e.g.,  40%  error  in  0*  compared  to  numerical  simulations). 

Thus,  the  stochastic  approach  is  particularly  useful  for  predicting  nonpartitioning 
tracer  behavior  from  multi-dimensional  numerical  simulations,  such  as  those  presented 
below,  wherein  the  mean,  variance,  and  correlation  length  scale  of  the  hydraulic  conductivity 
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field  are  known  a  priori,  but  the  prediction  of  partitioning  tracer  temporal  moments  with 
current  Lagrangian  methods  is  difficult  and  uncertain. 


Generating  Model  PDFs 

It  is  usually  desirable  to  generate  model  BTCs  for  comparison  with  measured  data 
following  model  parameter  estimation  from  moment  equations.  The  focus  here  is  on 
representing  nonpartitioning  and  partitioning  tracer  BTCs  using  lognormal  distributions. 

The  lognormal  PDF  parameters,  u  and  o,  can  be  written  in  terms  of  the  first  two 
moments  from  a  measured  BTC  (Table  2-1)  as  follows: 

ln(w, ) 

u  =  21n(m,)  -— ji-  (2-50) 

o2  =  ln(m2)  -21n(w,)  (2-51) 

Model  fits  to  simple  nonpartitioning  tracer  BTCs  can  then  be  generated  directly  from  (2-14). 

Under  the  binary  NAPL  distribution  framework,  partitioning  tracer  BTCs  can  be 
generated  through  the  superposition  of  solutions  of  (2-14)  for  the  uncontaminated  and 
contaminated  zones.  In  the  uncontaminated  zone,  the  nonpartitioning  and  partitioning  tracer 
travel  time  distributions  are  considered  to  be  the  same  and  can  be  represented  with  a  single 
lognormal  distribution.   In  the  contaminated  zone,  (2-34)  and  (2-39)  reveal  /    to  be 

Pc 

equivalent  to  a  sum  of  lognormal  distributions  for  both  the  homogeneous  and  distributed 
binary  models,  where  the  constants  in  (2-34)  are  considered  zero-variance  distributions.  The 
sum  of  N  lognormal  random  variables  has  been  demonstrated  to  be  very  closely 
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approximated  by  a  lognormal  distribution  (Schwartz  and  Yeh,  1982;  Abu-Dayya  and 
Beaulieu,  1 994).  Therefore,  for  both  binary  models,  moments  representative  of  tracer  travel 
through  only  the  contaminated  zone  can  be  determined  by  subtracting  the  fractional 
contribution  of  the  uncontaminated  zone  from  the  total  BTC  moments  as  described  by  (2-20). 
The  contaminated  zone  lognormal  model  parameters  are  then  determined  from  (2-50)  and 
(2-51).  This  approach  was  employed  to  generate  the  model  BTCs  for  the  numerical 
simulations  and  laboratory  experiments  described  below. 

Accurate  description  of  nonpartitioning  tracer  transport  through  complex  flow  fields, 
such  as  those  encountered  at  the  field  scale,  may  require  the  superposition  of  multiple 
solutions  of  (2-14).  For  example,  Helms  et  al.  (1999)  observed  that  nonpartitioning  tracer 
BTCs  measured  at  several  multilevel  sampler  locations  at  a  Hill  Air  Force  Base,  UT  field  site 
were  bimodal,  with  two  distinct  peaks,  and  could  be  fit  effectively  with  the  superposition  of 
multiple  ADE  solutions.  A  similar  superposition  approach  was  employed  by  Abbaszadeh- 
Dehghani  and  Brigham  (1984)  to  fit  multimodal  BTCs  from  layered  systems.  Helms  et  al. 
(1999)  found  that  nonlinear  regression  of  the  superposition  of  multiple  ADEs  also  performed 
well  for  asymmetric  BTCs,  characterized  by  an  early  peak  followed  by  a  long,  dispersed  tail, 
typical  of  many  field-measured  BTCs. 

While  a  sum  of  lognormal  distributions  is  lognormal,  a  superposition  of  lognormal 
distributions  is  not.  Therefore,  for  cases  where  multimodal  nonpartitioning  tracer  models 
are  required,  such  as  the  field  experiments  reported  below,  tn  is  not  lognormal  and  / 
therefore,  may  no  longer  be  considered  as  a  simple  sum  of  lognormal  distributions.  In  these 
cases,  tp  c  must  be  determined  numerically  by  summing  the  cumulative  distribution  functions 
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(CDFs)  of  each  term  in  (2-34)  or  (2-39).  In  the  distributed  binary  model,  for  example,  the 
CDF  of  the  first  term  of  (2-39),  /  ,  is  determined  by  summing  the  PDFs  of  the  individual 
modes  and  then  integrating  the  sum  total.  The  third  term  of  (2-39)  is  a  lognormal 
distribution  multiplied  by  a  constant  and  the  CDF  is  generated  by  simply  integrating  the 
PDF.  However,  determination  of  the  CDF  for  the  second  term  of  (2-39)  requires 
multiplication  of  the  CDFs  for  S  and  t  using  Monte  Carlo  techniques.  The  model- 
predicted  partitioning  tracer  BTC  can  then  be  determined  by  numerically  differentiating  the 
sum  total  CDF  of  (2-39).  However,  numerical  differentiation  may  be  subject  to  considerable 
errors  (for  a  discussion  of  the  potential  pitfalls  of  numerical  differentiation,  see  Atkinson, 
1985).  Therefore,  for  the  field  experiments  presented  below,  the  measured  BTCs  were 
numerically  integrated  such  that  comparisons  were  made  between  the  measured  and  modeled 
CDFs,  rather  than  the  PDFs. 

Incomplete  Data  and  Truncated  Moment  Expressions  (TMEs) 

Introduction 

An  important  consideration  when  using  the  method  of  moments  to  estimate 
parameters  from  measured  BTC  data  is  that  while  virtually  all  measured  travel  time 
distributions  are  truncated,  particularly  those  measured  at  the  field  scale,  the  moment 
equations  presented  in  Table  2-1  were  derived  for  complete  distributions.  Truncation  of 
experimentally  determined  BTCs  generally  arises  from  either  limited  experiment  durations 
or  tracer  concentrations  decreasing  at  late  times  to  levels  below  analytical  detection  limits. 
Errors  resulting  from  the  application  of  complete  distribution  moment  equations  to 
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incomplete,  or  truncated,  data  sets  have  led  many  investigators  to  criticism  of  the  method  of 
moments  and  the  promulgation  of  alternate  parameter  estimation  methods  (Clements,  1969; 
0stergaard  and  Michelsen,  1969;  Anderssen  and  White,  1970;  Fahim  and  Wakao,  1982). 
Two  commonly  employed  methods  of  accounting  for  incomplete  BTC  data  are  exponential 
extrapolation  (Sater  and  Levenspiel,  1 966;  Jin,  1 995)  and  the  time-domain  fitting  of  a  model 
to  the  measured  data  by  nonlinear  regression  (NLR)  (Clements,  1969).  Helms  et  al.  (1999) 
applied  exponential  extrapolation  and  NLR  methods  to  truncated  synthetic  BTCs  that  were 
generated  with  the  ADE,  demonstrating  that  very  accurate  estimates  of  the  complete  BTC 
moments  could  be  obtained  through  NLR  of  the  appropriate  model  (i.e.,  the  model  used  to 
create  the  synthetic  data). 

Another  approach  for  parameter  estimation  from  incomplete  data  is  to  compare  the 
numerically  integrated  moments  of  the  incomplete  BTC  to  the  truncated  moments  of  the 
model  (Kafarov,  1968).  Delay  et  al.  (1998)  derived  truncated  moment  expressions  for  the 
ADE,  however,  solution  of  these  equations  requires  finite  difference  techniques.  Here, 
truncated  moment  expressions  (TMEs)  are  derived  for  the  lognormal  distribution.  These 
expressions  are  much  simpler  than  those  for  the  ADE  (Delay  et  al.,  1998)  and  are  readily 
applicable  to  the  lognormal  solute  travel  time  and  NAPL  distribution  models  described 
above. 

Derivation  of  Lognormal  Distribution  TMEs 

The  determination  of  partial  moments  for  truncated  distributions  requires  that  the 
limits  of  integration  of  (2-15),  zero  and  infinity,  be  replaced  by  the  initial  and  final  times  for 
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which  data  are  available,  /,  and  tmax,  respectively.  Substitution  of  (2-14)  into  (2-15)  with  the 
new  integration  limits  and  the  following  change  of  variable 

ln(/)-u 


y(t) 


(2-52) 


results  in 


mN{trtmJ  =  exp(Nn+N2o2/2)  I  -^exp 


yd,) 


2% 


(y-Naf 


dy 


(2-53) 


where  the  truncated  moment  is  now  a  function  of  /,  and  tmax.  Substitution  into  (2-53)  of  the 
following  error  function  identity: 


: 

/ 


exp(-a2£2K  =  -^erf(az) 
2a 


(2-54) 


where  a  =  1/^/2  and  C  is  a  dummy  variable,  results  in  the  solution 


"VMmJ  =  exp(A^u+7V2o2/2)  1 
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-  erf 

[        \/2  J 

{       v/2  J 

(2-55) 


The  following  expression  for  the  Mh  normalized  moment  of  a  lognormal  travel  time 
distribution  results  from  the  special  case  of  (2-55)  where  /,  and  tmax  are  equal  to  zero  and 
infinity,  respectively: 


mN  =  exp(jVu  +  N2a2/2) 


(2-56) 


Equation  (2-56)  is  the  commonly  presented  (e.g.,  Aitchison  and  Brown,  1 957;  Jury  and  Roth, 
1990)  moment  function  for  lognormal  distributions  that  was  used  to  generate  the  moment 
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equations  in  Table  2-1.  This  relation  can  be  employed  for  parameter  estimation  by 
expanding  for  N  =  1,2  and  solving  for  u  and  o,  resulting  in  (2-50)  and  (2-51).  It  is 
emphasized,  however,  that  this  method  of  parameter  estimation  is  strictly  valid  only  for 
complete  distributions.  Accurate  parameter  estimation  for  incomplete  distributions  requires 
the  solution  of  (2-55)  through  iterative  regression  for  u  and  o.  The  error  function  terms  in 
(2-55)  are  the  correction  terms  that  account  for  truncation.  Note  that  at  a  given  truncation 
level,  as  the  moment  order  increases  (i.e.,  increasing  values  of  N)  the  truncated  moments 
represent  decreasing  fractions  of  the  true  complete  moments.  Also,  note  that  (2-55)  and  (2- 
56)  are  valid  for  Mh  absolute  moments  normalized  by  the  complete  zeroth  moment. 

A  discussion  of  the  application  of  the  TME  approach  to  three  artificially  truncated 
synthetic  tracer  BTCs  is  presented  in  Appendix  B. 

Numerical  Simulations 

One-dimensional  numerical  simulations  were  conducted  to  demonstrate  the  utility 
of  both  the  homogeneous  and  distributed  binary  NAPL  distribution  models.  In  addition, 
simulations  conducted  using  the  two-dimensional  particle  tracking  code  described  by 
Demmy  (1999)  were  used  to  investigate  the  effect  of  a  correlation  between  nonpartitioning 
tracer  travel  time  and  NAPL  saturation.  Temporal  moments  were  determined  from  simulated 
BTCs  by  numerical  integration  and  parameters  were  estimated  using  the  equations  developed 
above. 
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Homogeneous  Binary  Model 

For  the  homogeneous  binary  model,  simulations  were  conducted  using  the  code 
UFBTC  developed  by  Jessup  and  Rao  (1990),  which  incorporates  the  Brenner  (1962) 
solution  to  the  ADE.  The  parameters  used  in  the  simulations  were  selected  to  approximate 
the  laboratory  experiments  reported  below:  L  =  62  cm,  A  =  30  cm2,  r|  =  0.36,  Q  =  4  mL/min, 
P  =  124,  tQ  =  25  min,  and  KN  =  20.  The  resulting  pore  volume  of  670  mL  was  used  as  a 
scaling  factor  when  calculating  dimensionless  variables  and  moments. 

The  BTCs  of  Figure  2-2  were  generated  based  on  the  scenarios  described  in  Figure 
2-1 .  For  the  domain  of  Figure  2- la,  the  partitioning  tracer  BTC  was  similar  in  shape  to  the 
nonpartitioning  tracer  BTC,  but  was  temporally  displaced  and  exhibited  more  spreading.  For 
the  domain  of  Figure  2- lb,  however,  the  partitioning  tracer  BTC  was  bimodal.  The  first 
mode  was  representative  of  transport  through  the  uncontaminated  zone  and  closely  followed 
the  nonpartitioning  tracer  BTC,  while  the  second  mode  was  representative  of  transport 
through  the  contaminated  zone  and  was  thus  relatively  highly  retarded. 

The  first  two  normalized  temporal  moments  (in  units  of  PV^  for  the  nonpartitioning 
and  partitioning  tracers  are  also  shown  in  Figure  2-2.  In  these  simulations,  the  effect  of  SN 
on  media  properties  was  ignored.  Therefore,  because  (2-2)  implicitly  accounts  for  the  effect 
of  SN  on  porosity,  mf  was  not  the  same  for  both  simulations,  even  though  the  same  NAPL 
volume  was  assumed  in  both  scenarios.  Solution  of  the  first  two  ADE  moment  equations 
(Table  2-1)  using  the  nonpartitioning  tracer  moments,  and  (2-37)  and  (2-38)  using  the 
partitioning  tracer  moments,  resulted  in  the  recovery  of  the  input  parameters  P,  R,f,  and  SN 
with  errors  of  less  than  0.5%  for  both  simulation  scenarios. 
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Figure  2-2.  Simulated  BTCs  for  nonpartitioning  and  partitioning  tracer  transport  through  the 
domains  described  in  Figure  2-1. 
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Distributed  Binary  Model:  One-Dimensional  Simulations 

In  the  distributed  binary  model,  both  the  NAPL  saturation  and  the  solute  arrival  time 
distributions  are  represented  using  lognormal  PDFs.  The  lognormal  and  ADE  models 
produce  similar  BTCs  when  the  model  parameters  are  optimized  to  each  other  through 
moment  matching  (Jury  and  Roth,  1990).  Therefore,  in  order  to  create  a  nonpartitioning 
tracer  BTC  similar  to  those  from  the  homogeneous  binary  model  simulations,  equivalent 
nonpartitioning  tracer  lognormal  model  parameters  were  determined  by  substituting  the  ADE 
moments  listed  in  Figure  2-2  into  (2-50)  and  (2-5 1 ),  resulting  in  unp  =  5. 1 85  and     =  0. 124. 

An  arbitrary  S  distribution,  us  =  -3.7  and  as  =  0.7  (Figure  2-3a),  was  discretized  over 
1000  streamtubes,  while  an  additional  250  streamtubes  remained  uncontaminated  (f=  0.8). 
Nonpartitioning  tracer  transport  was  equivalent  for  each  streamtube  and  was  described  by 
\inp  and  anp.  Because  each  streamtube  was  characterized  by  a  single  NAPL  saturation,  rather 
than  a  distribution  of  saturations,  the  partitioning  tracer  arrival  time  for  each  streamtube  was 
simplified  from  (2-39)  to  (2-34).  As  described  above,  t  in  (2-34)  and  (2-39)  represents  a 
sum  of  lognormal  random  variables  and  can  be  considered  lognormal  as  well.  Thus,  the  total 
partitioning  tracer  BTC  was  generated  from  the  superposition  of  solutions  of  (2-14)  for  each 
streamtube,  where  the  lognormal  parameters  \ip  and  ap  were  determined  for  each  streamtube 
from  (2-50)  and  (2-51)  using  (2-35)  expanded  for  N=  1,  2. 

The  resulting  nonpartitioning  and  partitioning  tracer  BTCs  are  presented  in  Figure 
2-3b.  In  this  case,  the  asymmetric  S  distribution  caused  more  asymmetry  in  the  partitioning 
tracer  BTC  than  was  observed  in  the  nonpartitioning  tracer  BTC.  Also  because  of  this 
asymmetry,  the  partitioning  tracer  BTC  was  not  bimodal,  as  would  have  been  expected  for 
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Figure  2-3.  (a)  Lognormal  S  distribution,  (b)  Simulated  BTCs  for  nonpartitioning  and 
partitioning  tracer  transport  through  a  two-dimensional  domain  wherein  20%  of  the 
streamtubes  were  uncontaminated  and  the  remainder  were  characterized  by  the  S  distribution 
of  (a). 
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a  homogeneous  binary  case  where  20%  of  the  streamtubes  were  uncontaminated.  The 
measured  values  of  the  first  two  nonpartitioning  and  first  three  partitioning  tracer  normalized 
temporal  moments  are  also  shown  in  Figure  2-3b.  Solution  of  (2-50)  and  (2-51)  with  the 
nonpartitioning  tracer  moments  and  (2-44)-(246)  with  the  partitioning  tracer  moments 
resulted  in  the  recovery  of  the  model  input  parameters  n„p,  anp,f,  us,  and  as  with  errors  of  less 
than  0.5%. 

Distributed  Binary  Model:  Two-Dimensional  Simulations 

Particle  tracking  approach.  Particle  tracking  simulations  were  conducted  using  the 
code  described  by  Demmy  (1999)  to  investigate  the  applicability  of  the  correlated  moment 
expressions  (2-44)-(2-46).  A  summary  of  the  simulation  methods  follows;  additional  details 
can  be  found  in  Demmy  (1999)  and  Demmy  et  al.  (1999).  A  turning  bands  algorithm 
(Tompson  et  al.,  1989)  was  used  to  generate  an  exponentially  correlated,  lognormally 
distributed,  isotropic  saturated  hydraulic  conductivity  field  (^=0.0,  aK=  1 .0)  46  correlation 
lengths,  X,  in  the  mean  flow  direction  x,  by  36  X  in  the  y  direction,  with  five  conductivity 
blocks  per  correlation  length  (230  *  1 80  blocks).  Constant  head  boundaries  were  specified 
at  x  =  0  and  x  =  46  X  with  an  average  gradient  of  0.02  and  a  homogeneous  mobile  water 
content  of  0.2.  A  mixed  finite  element  scheme  was  used  to  generate  a  system  of  coupled 
pressure-velocity  equations  that  were  solved  to  produce  a  velocity  field  for  input  into  a 
particle  tracking  scheme.  A  Monte  Carlo  approach  similar  to  that  suggested  by  Cvetkovic 
et  al.  (1998)  was  employed  wherein  2000  realizations  of  the  flow  field  were  generated  and 
a  single  particle  was  injected  into  each  at  x  =  3  X,  y  =  18  X.  Particle  arrival  times  were 
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recorded  at  x  =  39  A,.  This  approach  is  conceptually  equivalent  to  a  uniform  injection 
boundary  condition  for  2000  streamtubes.  However,  flux-weighted  injection  is  more 
representative  of  interwell  tracer  tests,  and  the  measured  arrival  times  were  thus  weighted 
by  their  initial  velocities,  v0  (see  Kreft  and  Zuber,  1978  and  Demmy  et  al.,  1999  for 
discussions  on  the  significance  of  uniform  versus  flux  boundary  conditions). 

Solute  BTCs  are  analogous  to  PDFs,  but  because  of  the  discrete  nature  of  the  particle 
tracking  method,  particle  arrival  time  distributions  were  represented  as  CDFs,  P{t).  Flux- 
weighted  CDFs  were  generated  from  the  measured  nonpartitioning  and  partitioning  particle 
arrival  times  as  follows: 

=  ~n   (2-57) 

7=1 

where  P(t,)  represents  the  probability  that  the  arrival  time  of  particle  /'  will  be  less  than  or 
equal  to  t,  and  n  is  the  total  number  of  particles. 

Correlation  between  5y  and  K.  As  discussed  above,  little  experimental  evidence 
exists  to  support  a  general  model  for  a  correlation  between  SN  and  K.  However,  it  will  be 
assumed  here  that  the  general  framework  that  has  been  developed  for  investigating 
correlations  between  Kd  and  K  is  applicable,  subject  to  the  consideration  of  constraints 
specific  to  N/\PL  contamination.  Field  measurements  have  indicated  an  approximately 
linear  relationship  between  the  logarithms  of  Kd  and  K  (Robin  et  al.,  1 99 1 ;  Tompson,  1 993). 
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By  substituting  S  for  Kd  and  adding  an  uncorrected  component,  this  relationship  can  be 
expressed  as  follows: 

In  5  =  a  +  b\nK  +  clnW  (2-58) 

where  W is  a  lognormally  distributed  random  variable  {\iw=  0,  o>  =  1)  with  the  same  spatial 
correlation  structure  as  the  AT  field.  A  relation  similar  to  (2-58)  was  employed  by  Cvetkovic 
et  al.  (1998).  For  b  *  0,S  and  K  approach  perfect  correlation  (i.e.,  p  =  ±  1)  as  c  -  0,  while 
b  =  0  results  in  the  uncorrected  case.  A  simplified  approach  is  to  assume  a  =  c  =  0  and 
investigate  the  effects  of  perfect  positive  and  negative  correlation,  with  b  >  0  and  b  <  0, 
respectively.  Modeling  and  analytical  studies  often  implement  this  approach  with  b  -  ±  1 
(e.g.,  Bellin  et  al.,  1993;  Bosma  et  al.,  1993;  Soerens  et  al.,  1998).  However,  the  resulting 
variability  in  S,  or  Kd,  will  be  equivalent  to  the  K  variability  and  may  be  unrealistically  high. 
Tompson  (1993)  selected  values  of  a  and  b  to  more  closely  mimic  field  measurements,  but 
only  investigated  perfect  correlation  (i.e.,  c  =  0). 

Based  on  the  arguments  presented  above,  a  relatively  large  value  of  c  =  0.75  was 
selected  here  to  create  a  weak  correlation  between  S  and  K,  and  a  value  of  b  =  0.3  was 
selected  to  restrict  the  S  values  to  a  more  limited  range  than  K.  Note  that  by  rewriting  (2-58) 
as  S  =  aKbWc,  it  becomes  apparent  that  \is  =  a  and  os  =  (b2aK2  +  c*ow2Y 5  (see  Appendix  A). 
Thus,  a  value  of  a  =  -  3.27  was  selected  to  produce  an  average  NAPL  saturation  of  0.05.  The 
resulting  relationships  between  S  and  K  are  presented  in  Figure  2-4  for  b  =  ±  0.3,  with  the 
corresponding  SN  distributions  plotted  on  the  secondary  ^-axis.  Note  that  the  relationships 
in  this  figure  represent  the  mean  correlations  (equivalent  to  c  =  0). 
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Figure  2-4.  Relationship  between  £  and  S  for  positive  and  negative  correlations  (positive 
and  negative  slopes,  respectively),  with  a  and  b  in  (2-58)  equal  to  -3.27  and  ±  0.3, 
respectively.  The  corresponding  relationships  between  K  and  SN  are  shown  on  the  secondary 


v-axis. 
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For  the  uncorrelated  case,  values  of  a,  b,  and  c  were  selected  such  that  the  mean  and 
variance  of  the  resulting  S  distribution  would  be  equivalent  to  those  for  the  correlated  cases 
(a=-3.27,6  =  0,c  =  0.81). 

Streamtube-average  NAPL  saturation.  The  average  NAPL  saturation  (more  exactly, 
the  average  value  of  S)  that  was  observed  along  the  trajectory  of  each  particle  was  calculated 
as  follows: 

f  S(x)dx 
J  v(x) 

A  0 

Si  =   "   (2-59) 

J  v(x) 
o 

The  resulting  5.  values  are  analogous  to  the  Lagrangian  reaction  flow  path  parameter,  u, 
described  by  Cvetkovic  et  al.  (1998),  and  it  is  the  statistics  of  this  distribution  that  are 
determined  from  (2-44)-(2-46). 

The  simulations  presented  here  were  conducted  with /=  0.8.  Therefore,  for  20%  of 
the  particles  (randomly  selected),  KN  was  set  equal  to  0  so  that  the  nonpartitioning  and 
partitioning  tracer  arrival  times  would  be  equal.  For  the  remainder  of  the  particles,  the 
partitioning  tracer  arrival  time  was  determined  from  the  nonpartitioning  tracer  arrival  time 
using  (2-39)  with  KN  =  20  and  S.. 

Results:  Nonpartitioning  tracer  transport.  The  first  three  temporal  moments  for  the 
nonpartitioning  and  partitioning  tracer  CDFs  are  presented  in  Table  2-2  with  units  of  PV" 
(the  PV  was  determined  from  the  nonpartitioning  tracer  first  moment).  The  nonpartitioning 
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Table  2-2.  Temporal  moments  for  nonpartitioning  and  partitioning  tracer  CDFs  from  two- 
dimensional  particle  tracking  simulations. 


Source  of  Moment  Estimate  w, 


nu 


RMSD 


Nonpartitioning  Tracer 
Measured 

Lognormal  model  fit 

Lagrangian  prediction 
Partitioning  Tracer 
Pks  =  0.0 

Measured 
"Model  fit 
Pk,s>0 

Measured 
b  Model  fit 

b  Model  fit  with  pKS  =  0.0 
Pks<0 

Measured 
b  Lognormal  model  fit 
a  Model  fit  with      =  0.0 


1.0  1.052 
1.0  1.052 
0.986  1.026 


1.836  3.775 

1.836  3.775 

1.856  3.798 

1.856  3.798 

1.858  3.796 

1.816  3.766 

1.816  3.765 

1.816  3.766 


1.165 

1.163  9.93E-4 
2.00E-2 


8.522 

8.507  9.93E-4 
8.365 

8.365  4.26E-5 

8.368  6.37E-4 

8.817 

8.817  6.71E-5 

8.802  9.93E-4 


a  These  moments  were  calculated  from  the  parameters  listed  in  Table  2-3  that  were 
determined  from  arithmetic  solution  of  (2-44)-(2-46).  b  Moments  calculated  from  (2-44)-(2- 
46)  such  that  the  RMSD  from  the  measured  moments  was  minimized.  The  minimum 
solution  was  found  using  a  spreadsheet  optimization  routine. 
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tracer  travel  time  lognormal  model  parameters,  \xnp  =  -0.025  and  onp  =  0.225,  were 
determined  from  the  nonpartitioning  tracer  moments  using  (2-50)  and  (2-5 1 ).  The  moments 
generated  from  (2-56)  using  these  parameters  are  compared  in  Table  2-2  to  the  measured 
values.  Estimates  of  the  first  two  nonpartitioning  tracer  moments  determined  from  solution 
of  (2-47)  and  (2-48),  with  k  =  3/8  and  t|/  =  1  for  a  two-dimensional  domain  (Demmy,  1 999), 
are  also  compared  to  the  measured  values  in  Table  2-2.  The  stochastic  theory  resulted  in 
estimates  that  were  within  1 .4%  and  2.5%  of  the  measured  values  for  the  first  and  second 
moments,  respectively. 

Note  that  was  much  lower  than  aK,  indicating  that  much  of  the  variability  in  the 
point  statistics  was  damped  out  in  the  integrated  measure.  This  effect  has  a  significant 
impact  on  the  interpretation  of  the  S  distribution  statistics,  as  discussed  below. 

The  flux-weighted  measured  nonpartitioning  tracer  CDF  is  shown  in  Figure  2-5a 
along  with  the  partitioning  tracer  CDFs  for  the  correlated  and  uncorrelated  cases.  The  model 
CDF  for  the  nonpartitioning  tracer  was  generated  from  (2-14)  using  the  and  anp  values 
given  above. 

Results:  Partitioning  tracer  transport.  Presented  along  with  the  measured  partitioning 
tracer  moments  in  Table  2-2  are  the  moment  estimates  determined  from  (2-44)-(2-46)  using 
the  S  distribution  parameters  listed  in  Table  2-3.  For  the  uncorrelated  case,  (2-44)-(2-46) 
were  solved  algebraically  using  the  measured  nonpartitioning  and  partitioning  tracer 
moments  to  determine  the  S  distribution  parameters.  However,  for  correlated  cases, 
algebraic  solution  of  these  equations  is  difficult,  if  not  impossible.  For  these  cases,  S 
distribution  parameters  were  estimated  using  an  optimization  routine  where  the  root  mean 
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Figure  2-5.  (a)  Nonpartitioning  and  partitioning  tracer  CDFs  from  the  particle  tracking 
simulations  with  model  fits  determined  from  the  CDF  moments  and  (2-44)-(2-46)  (i.e.,  the 
distributed  binary  model),  (b)  Measured  and  estimated  S  distributions  for  each  case. 
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Table  2-3 .  Measured  and  estimated  S  distribution  moments  and  model  parameters  from  two- 
dimensional  particle  tracking  simulations. 


S  Distribution  Moments         S  Distribution  Parameters 


Estimate  Source 

(10-2) 

m2 

(io-3) 

m3 

(io-4) 

RMSD 

(io-2) 

J 

°s 

Drc=  0  0 

Measured 

5.253 

2.906 

1.700 

- 

-0.04 

0.800 

-2.974 

0.219 

aMr»H*»1  fit 

iviouei  in 

5.265 

2.892 

1.657 

1.51 

0.0 

0.794 

-2.965 

0.205 

Ok,s>0 

Measured 

5.466 

3.123 

1.868 

-0.35 

0.800 

-2.930 

0.207 

bModel  fit 

5.445 

3.093 

1.834 

1.21 

-0.35 

0.799 

-2.932 

0.206 

"Fit  with  p,  § 

=  0.0 

5.178 

2.699 

1.417 

16.28 

0.0 

0.828 

-2.964 

0.082 

Qk.s<0 

Measured 

5.035 

2.692 

1.539 

0.29 

0.800 

-3.020 

0.233 

bModel  fit 

4.824 

2.547 

1.471 

4.70 

0.30 

0.828 

-3.077 

0.300 

"Fit  with  p,  ^ 

=  0.0 

5.062 

2.947 

1.973 

17.17 

0.0 

0.806 

-3.053 

0.374 

a  Parameters  determined  from  arithmetic  solution  of  (2-44)-(2-46).  b  Parameters  determined 
from  spreadsheet  optimization  routine  where  the  RMSD  between  the  measured  moments  and 
those  calculated  from  (2-44)-(2-46)  was  minimized. 
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squared  deviation  (RMSD,  see  Appendix  B)  between  the  measured  partitioning  tracer 
moments  and  those  calculated  from  (2-44)-(2-46)  were  minimized. 

Model  partitioning  tracer  CDFs  were  generated  from  the  superposition  of  solutions 
of  (2- 1 4)  for  the  uncontaminated  and  contaminated  zones,  as  discussed  above.  These  model 
CDFs  are  plotted  along  with  the  measured  CDFs  in  Figure  2-5a.  For  all  three  cases,  the 
model  fits  matched  the  measured  CDFs  closely. 

Examination  of  the  moments  listed  in  Table  2-2  reveals  that  a  positive  correlation 
between  AT  and  5"  led  to  greater  partitioning  tracer  retardation  than  for  the  uncorrelated  case, 
and  vice  versa  for  a  negative  correlation,  despite  the  fact  that  the  point  values  for  S,  as 
determined  from  (2-58),  exhibited  the  same  mean  and  variance  for  all  cases.  Similar  effects 
with  ^  and  correlations  were  observed  in  numerical  simulations  by  Tompson  (1993),  and 
predicted  theoretically  by  several  investigators  (Dagan,  1989;  Kabala  and  Sposito,  1991; 
Cvetkovic  et  al.,  1 998).  Also,  if  the  spread  of  each  partitioning  tracer  CDFs  is  measured  by 
the  second  central  moment  ( u2  =  m2-ml),  then  it  can  be  seen  from  the  moments  in  Table 
2-2,  as  well  as  from  the  CDFs  in  Figure  2-5a,  that  the  spreading  of  the  partitioning  tracer 
CDF  was  greater  for  the  negatively  correlated  case  (u2  =  0.47)  than  for  the  uncorrelated  case 
(u2  =  0.40),  and  vice  versa  for  the  positively  correlated  case  (u2  =  0.35).  This  effect  has 
also  been  either  predicted  or  observed  by  several  investigators  (Kabala  and  Sposito,  1991; 
Bellin  et  al.,  1993;  Bosma  et  al.,  1993;  Tompson,  1993). 

Results:  Estimation  of  NAPL  saturation  distribution  parameters.  The  estimated  S 
distribution  parameters  are  compared  to  the  measured  values  in  Table  2-3.  The  5(  values 
determined  from  (2-59)  were  flux-weighted  according  to  (2-57)  in  order  to  create  the 


53 

measured  S  CDF.  The  measured  CDFs  representing  the  S  distribution  within  the 
contaminated  fraction  of  the  domain  are  compared  in  Figure  2-5b  to  those  created  from  (2- 
14)  using  the  parameters  in  Table  2-3. 

The  correlation  between  the  nonpartitioning  tracer  travel  time  and  S,  ptg,  was 
calculated  using  (2-43).  Note  that,  as  suggested  by  (2-19),  a  positive  correlation  between  K 
and  S  resulted  in  a  negative  value  of  p^,  and  vice  versa.  The  measured  Sj  values  are  plotted 
for  each  case  with  the  corresponding  nonpartitioning  tracer  arrival  times  in  Figure  2-6.  The 
effect  of  the  relatively  large  value  of  c  in  (2-58)  can  be  seen  in  the  high  degree  of  scatter  in 
each  plot  in  Figure  2-6. 

For  the  uncorrelated  and  positively  correlated  cases,  the  estimated  S  distributions 
matched  the  measured  distributions  closely,  while  the  fit  was  not  as  close  for  the  negatively 
correlated  case.  For  the  negatively  correlated  case,  the  fit  of  the  estimated  S  distribution  to 
the  measured  distribution  improves  as  approaches  as  the  ratio  blc  in  (2-58)  decreases  (i.e., 
as  the  degree  of  correlation  between  K  and  S  approaches  zero).  Conversely,  the  fit  becomes 
worse  as  blc  increases.  This  may  be  because  the  S  distributions  resulting  from  negative 
correlations  between  K  and  S  are  less-well  represented  by  lognormal  distribution  than  for  the 
other  cases. 

As  was  observed  with  K,  much  of  the  point  variability  in  S  was  damped  out  in  the 
integrated  measure,  S.  The  measured  ratios  of  to  as  for  the  cases  studied  here  (0.27, 
0.26,  and  0.29  for  the  uncorrelated,  positively,  and  negatively  correlated  cases,  respectively) 
were  close  to  the  ratio  of  anp  to  aK  (0.23).  The  same  effect  was  also  manifested  in  the 
correlation  between  K  and  S,  however,  the  degree  of  dampening  was  less.  For  example, 
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Figure  2-6.  Measured  relationship  between  the  average  NAPL  saturation  along  each  of  N 
=  2000  particle  trajectories  and  the  nonpartitioning  tracer  travel  time,  measured  in  pore 
volumes  (PV),  for  cases  where  the  point  values  of  K  and  S  were  (a)  uncorrelated,  (b) 
positively  correlated,  and  (c)  negatively  correlated. 
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when  a  value  of  c  =  0  was  used  in  (2-58)  (i.e.,  pAi5  =  1 .0),  p,  j  values  of  approximately  0.8 
were  measured  for  both  positively  and  negatively  correlated  cases.  The  correlation  between 
K  and  S  decreases  as  c  in  (2-58)  increases,  and  the  effective  p,  ^  value  will  be  somewhat 
lower  still.  The  extent  of  these  integration  effects  are  related  to  the  degree  of  heterogeneity 
within  the  system.  Here,  only  a  single  value  of  aK  was  used,  however,  further  study  may 
result  in  a  predictive  relationship  between  point  and  integrated  statistic  variability. 

The  errors  associated  with  ignoring  the  correlation  between  K  and  S  were  also 
investigated.  Listed  in  Tables  2-2  and  2-3  are  the  estimated  partitioning  tracer  moments  and 
S  distribution  parameters  that  resulted  when  pt  $  was  assumed  to  be  equal  to  zero  for  both 
the  positively  and  negatively  correlated  cases.  Note  that  for  both  cases,  very  good  agreement 
was  obtained  with  the  measured  partitioning  tracer  moments,  but  the  resulting  estimates  of 
the  S  distribution  moments  and  parameters  were  relatively  poor.  These  results  point  to  the 
potential  pitfall,  when  using  tracer  BTC  moments  for  parameter  estimation,  of  multiple 
solutions  producing  moment  estimates  that  are  quite  close  to  the  measured  values.  For 
example,  the  moment  estimates  obtained  from  the  negatively  correlated  case  where  it  was 
assumed  that  p,^  =  0  were  obtained  from  algebraic  solution  of  (2-44)-(2-46).  While,  here, 
the  more-correct  solutions  (i.e.,  ptj  *  0)  produced  the  lowest  RMSD  values  (Table  2-2),  it 
may  be  difficult  to  differentiate  between  the  solutions  for  p,  ^  =  0  and  p,  §  *  0  with  no  prior 
information  as  to  the  expected  correlation  between  K  and  S.  Note  that  the  magnitude  of  the 
errors  that  will  be  realized  upon  assuming  that  p,  ^  =  0  will  be  reduced  as  the  ratio  blc 
decreases.  Also,  note  that,  for  the  correlated  cases  considered  here,  while  the  S  distribution 
parameters  that  were  estimated  by  assuming  p,  ^  =  0  were  not  particularly  representative  of 
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the  true  distributions,  the  estimated  values  of / were  reasonable.  This  result  suggests  that  if 
the  correlation  between  K  and  S  is  relatively  weak,  reasonable  estimates  of  the  fraction  of  the 
streamtubes  in  the  domain  that  are  contaminated  may  be  obtained  even  if  correlation  effects 
are  ignored. 

Finally,  it  is  noted  that  the  effects  on  the  retardation  and  spreading  of  the  partitioning 
tracer  CDFs  that  resulted  from  correlations  between  K  and  S  were  manifestations  of  the 
effects  of  these  correlations  on  the  S  distribution  first  and  second  moments  (Table  2-3).  A 
positive  correlation  between  K  and  5  resulted  in  an  increased  first  moment  of  S  and 
decreased  spreading  (|i2  =  1. 3 5E  -4)  compared  to  the  uncorrelated  case  (uj  =  1.47E-4), 
and  vice  versa  for  a  negative  correlation  {\i2  =  1 .57E  -4) .  It  is  interesting  to  note  that  strong 
positive  correlations  between  K  and  S  may  result  in  overpredictions  of  the  amount  of  NAPL 
present  in  a  system,  while  strong  negative  correlations  may  result  in  underpredictions. 

Laboratory  Experiments 

Laboratory  experiments  were  conducted  in  a  flow  chamber  that  was  packed  with  a 
combination  of  clean  20-30  mesh  Ottawa  sand  and  sand  mixed  with  n-decane  to  create  a 
scenario  similar  to  that  of  Figure  2- lb.  Partitioning  tracer  tests  were  conducted  and 
nonpartitioning  and  partitioning  tracer  BTC  moments  were  calculated  with  the  goal  of 
recovering  the  design  parameters  / and  SN  using  the  NAPL  distribution  models  described 
above. 
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Laboratory  Experimental  Methods 

The  laboratory  flow  chamber  was  similar  in  design  to  that  described  by  Jawitz  et  al. 
(1998a).  The  open-top  chamber  enclosed  a  volume  of  62  cm  length,  1 .4  cm  width,  and  39 
cm  height  and  was  constructed  of  two  glass  plates  closed  on  three  sides  by  1 .3  cm  square 
aluminum  tubing.  The  vertical  sections  of  tubing  on  either  end  were  slotted  to  a  width  of 
0.03  cm  at  a  frequency  of  4  slots  per  cm,  enabling  homogeneous  injection  and  extraction  of 
fluids.  Clean  zones  were  packed  by  slowly  pouring  untreated  sand  into  standing  water  in  the 
chamber,  while  the  contaminated  zone  was  created  by  adding  a  mixture  of  73 1  g  of  sand,  1 50 
mL  of  water,  and  7.7  mL  of  H-decane  in  approximately  10  g  increments.  These  proportions 
were  selected  to  provide  a  NAPL  saturation  of  approximately  0.05  in  a  sand  that  was 
assumed  to  have  a  porosity  of  0.36.  Decane  was  selected  as  the  NAPL  because  of  its  low 
aqueous  solubility  (0.009  mg/L,  Verschueren,  1 983),  facilitating  multiple  tracer  tests  without 
significant  NAPL  mass  loss  due  to  dissolution.  The  water  table  was  maintained  at  the  top 
of  the  media  during  the  addition  of  contaminated  sand  to  minimize  gravity  segregation  of  the 
sand,  water,  and  «-decane  during  emplacement.  The  total  packed  height  in  the  flow  chamber 
was  1 0.4  cm,  with  a  5  cm  contaminated  zone  (73 1  g  of  sand)  enveloped  by  clean  zones  above 
(3.4  cm,  513  g)  and  below  (2  cm,  284  g).  The  measured  bulk  density  of  the  packing  was  1.7 
g/cm3,  which,  for  sand,  corresponds  to  a  porosity  of  0.35. 

Based  on  the  total  masses  of  clean  and  contaminated  sand  that  were  packed,  the 
contaminated  fraction  was  determined  to  be  0.48.  However,  the  effective  volumetric  fraction 
that  was  realized  may  have  varied  from  the  measured  value  because  of  nonuniform  packing 
or  trapped  air.  Also,  the  sand,  water,  and  n-decane  were  mixed  in  a  glass  beaker,  and  a 
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residue  of  «-decane  was  left  behind  following  the  transfer  of  the  mixture  to  the  flow 
chamber.  In  consideration  of  these  factors,  the  true  values  of  the  NAPL  saturation 
distribution  parameters  were  considered  to  be /=  0.48  ±  0.05  and  SN  -  0.048  ±  0.05. 

A  constant  head  reservoir  was  used  to  deliver  fluids  to  the  flow  chamber  through  the 
injection  well  and  a  positive  displacement  pump  (Masterflex  L/S  drive  equipped  with  a  Fluid 
Metering  Inc.  Q  Pump  head)  was  used  to  remove  fluids  through  the  extraction  well.  The 
effluent  was  pumped  through  an  in-line  flow  cell  attached  to  a  gas  chromatograph  equipped 
with  an  autosampler  (Perkin  Elmer  AutoSystem),  allowing  for  quantification  of  tracer 
concentrations  without  discrete  sampling.  For  each  partitioning  tracer  test,  a  tracer  pulse  of 
approximately  0.15  PV  was  delivered  to  the  injection  well  with  a  syringe  pump  (Harvard 
Apparatus  22)  during  steady-state  water  flow.  During  each  tracer  test,  wax  paper  was  placed 
over  the  media-air  interface  to  minimize  volatile  losses  of  tracers.  The  tracer  tests  were 
continued  until  the  tracer  concentrations  measured  in  the  effluent  were  below  detection  limit 
(generally  1  mg/L).  Application  of  the  lognormal  truncated  moment  method  was 
investigated  for  moment  estimation,  but  it  was  determined  that  because  the  measured  BTCs 
were  relatively  complete,  simple  exponential  extrapolation  (Jin,  1995)  was  sufficient  to 
provide  accurate  moment  estimates. 

Methanol  was  used  as  the  nonpartitioning  tracer,  with  2,2-dimethyl-3-pentanol 
(DMP)  and  6-methyl-2-heptanol  (6M2H)  as  partitioning  tracers.  The  fluid  flow  rates  and 
tracer  initial  concentrations  were  varied  to  investigate  the  effects  of  nonequilibrium  and 
nonlinear  partitioning,  respectively.  Pore  water  velocities  and  tracer  concentrations  for  each 
experiment  are  listed  in  Table  2-4. 
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Table  2-4.  Pore  water  velocities  and  tracer  initial  concentrations  for  each  laboratory 
experiment. 


r f 


Experiment  Number 

V 

(m/d) 

Methanol 
(mg/L) 

DMP 

(mg/L) 

6M2H 
(mg/L) 

El    (v0,  C0) 

17.3 

2500 

500 

180 

E2  (vo/2,C0) 

8.7 

2500 

500 

180 

E3  (vo/6,0.5C0) 

2.9 

2500 

250 

90 

E4  (vo/6,C0) 

2.9 

2500 

500 

180 

E5  (vo/6,2C0) 

2.9 

2500 

1000 

360 

E6  (vo/6,3C0) 

2.9 

2500 

1500 

540 

E7  (vo/12,C0) 

1.4 

2500 

500 

180 

Partitioning  tracer  C0  values  were  equivalent  to  approximately  6%  of  aqueous  solubility. 


60 

The  velocity  of  Experiment  1  (E 1 )  (determined  from  (2- 1 7)  with  Q  =  6  mL/min)  was 
chosen  as  an  upper  limit  of  approximately  10  times  that  suggested  by  Jin  et  al.  (1995)  for 
equilibrium  conditions.  Velocities  lower  than  1 .4  m/d  (E7)  were  not  investigated  because 
of  concerns  about  mass  loss  of  tracers  due  to  volatilization.  Also,  field  experimental 
experience  suggests  that  lower  velocities  may  not  be  practical  for  field  implementation  (see 
the  discussion  of  field  data  below  and  Annable  et  al.,  1998b;  Sillan,  1999). 

The  aqueous  solubility  of  DMP  has  been  reported  to  be  8200  mg/L  (Barton,  1984) 
and  the  solubility  of  6M2H  was  estimated  to  be  approximately  3000  mg/L  (based  on  the 
solubilities  of  other  methylated  heptanols,  as  reported  by  Barton,  1 984).  The  relatively  low 
C0  values  for  DMP  and  6M2H  in  El  (approximately  6%  of  aqueous  solubility)  were  selected 
to  minimize  the  effects  of  NAPL-water  tracer  partitioning  isotherm  nonlinearities, 
demonstrated  by  Wise  (1998)  to  become  significant  at  CQ  values  above  approximately  10% 
of  aqueous  solubility.  In  subsequent  experiments,  these  C„  values  were  varied  to  ascertain 
whether  nonlinear  partitioning  was  a  factor  in  these  experiments. 

The  decane-water  partitioning  coefficients  for  DMP  and  6M2H,  KN  =  12  and  25, 
respectively,  were  measured  using  batch  equilibration  methods. 

Laboratory  Results 

Nonpartitionine  tracer  transport.  The  first  three  normalized  temporal  moments  of  the 
nonpartitioning  tracer  BTCs  measured  from  each  experiment  are  presented  in  Table  2-5  (all 
moments  presented  here  are  in  units  of  PV")  along  with  the  estimated  lognormal  distribution 
parameters.  Because  the  lognormal  model  parameters  were  calculated  from  the  first  two 
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Table  2-5.  Measured  and  estimated  nonpartitioning  tracer  moments  and  model  parameters 
from  each  laboratory  experiment. 


Measured  Moments 

Calculated 
Moment a 

Lognormal 
Parameters b 

Experiment  Number 

m, 

m3 

m3 

V-np 

El 

1.070 

1.156 

1.261 

1.261 

0.063 

0.096 

E2 

1.069 

1.158 

1.272 

1.271 

0.060 

0.115 

E3 

1.068 

1.153 

1.262 

1.261 

0.059 

0.109 

E4 

1.067 

1.155 

1.267 

1.265 

0.059 

0.114 

E5 

1.072 

1.172 

1.309 

1.307 

0.060 

0.140 

E6 

1.067 

1.161 

1.290 

1.287 

0.055 

0.139 

E7 

1.064 

1.148 

1.259 

1.258 

0.054 

0.121 

a  Calculated  from  (2-56)  with  the  given  lognormal  parameters.  b  Determined  from  (2-50) 
and  (2-51). 
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measured  moments  using  (2-50)  and  (2-51),  the  measured  moments  and  those  computed 
from  (2-56)  were  identical  for  N  =  1,2.  However,  the  relative  agreement  between  the 
estimated  and  measured  third  moments  provides  a  general  measure  of  the  goodness-of-fit  of 
the  lognormal  model.  Therefore,  the  estimated  nonpartitioning  tracer  third  moments  are  also 
shown  in  Table  2-5.  Note  that  the  discrepancy  between  these  measures  was  less  than  0.5% 
for  each  experiment.  Also  note  the  close  agreement  of  the  nonpartitioning  tracer  moments 
between  experiments,  indicating  relatively  consistent  hydrodynamics.  The  relative 
agreement  between  the  measured  and  modeled  nonpartitioning  tracer  BTCs  provided  an 
additional  check  on  the  appropriateness  of  using  a  single  lognormal  distribution  to  describe 
solute  transport  in  the  laboratory  experiments.  For  all  experiments,  the  modeled 
nonpartitioning  tracer  concentration  profiles  fit  the  measured  BTCs  well  (see  Figures  2-8  and 
2-9;  note  that  these  figures  are  plotted  on  log  scale). 

Partitioning  tracer  transport.  The  measured  partitioning  tracer  BTCs  from  all  seven 
experiments  are  shown  in  Figures  2-7a  (E3-E6)  and  2-7b  (E7,  E4,  E2,  and  El),  where  each 
BTC  was  scaled  to  its  zeroth  moment.  Note  that  the  partitioning  tracer  BTCs  were  bimodal, 
as  was  expected  from  the  numerical  simulations  described  above. 

The  tracer  transport  behavior  in  E3,  E4,  E5,  and  E6  (Figure  2-7a)  was  very  similar, 
despite  the  fact  that  these  experiments  were  conducted  with  tracer  C0  values  ranging  from 
approximately  3  to  1 8%  of  aqueous  solubility.  As  demonstrated  by  Wise  (1 999),  the  effects 
of  isotherm  nonlinearities  would  be  expected  to  increase  with  C0.  The  results  presented  here, 
therefore,  indicate  that  partitioning  isotherm  nonlinearities  were  not  a  significant  concern  in 
these  experiments.    However,  the  results  presented  in  Figure  2-7b,  which  are  from 
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□  1.4ra/d    a  2.9  m/d    v  8.7  m/d    x  17.3  m/d 

Figure  2-7.  Partitioning  tracer  BTCs  measured  from  experiments  with  (a)  equivalent 
velocities,  v  =  2.9  m/d,  but  varying  tracer  initial  concentrations  (E3,  E4,  E5,  and  E6),  and  (b) 
equivalent  initial  concentrations,  approximately  6%  of  aqueous  solubility,  but  varying 
velocities  (E7,  E4,  E2,  and  El). 


64 

experiments  conducted  at  four  different  pore  water  velocities,  indicate  that  nonequilibrium 
partitioning  likely  was  a  factor  in  these  experiments.  Note  that  the  degree  of  spreading  in 
the  second  mode  of  the  BTCs  in  Figure  2-7b  increased  with  pore  water  velocity,  as  would 
be  expected  for  rate-limited  sorption,  or  partitioning  (e.g.,  Valocchi,  1985). 

The  first  three  temporal  moments  from  the  partitioning  tracer  BTCs  measured  during 
El,  E2,  E4,  and  E7  are  presented  in  Table  2-6  (because  the  results  from  the  experiments 
conducted  at  different  C0  values  were  approximately  equivalent,  only  one  of  these,  E4,  was 
considered  further).  Note  that  for  both  tracers,  m2  and  m3  decreased  with  pore  water  velocity, 
in  accordance  with  the  observation  that  the  spreading  of  the  partitioning  tracer  BTCs 
decreased  with  velocity.  Also  note  that  in  every  case,  except  6M2H  in  E4,  mx  decreased  with 
pore  water  velocity.  Valocchi  (1985)  demonstrated  that  m]  should  be  independent  of 
velocity,  even  under  nonequilibrium  conditions,  assuming  that  the  rate  constant,  k2,  is 
independent  of  velocity.  Therefore,  these  results  suggest  that  k2  may  be  velocity-dependent 
for  the  experiments  described  here. 

Estimation  of /"and  Estimates  of  the  SN  distribution  parameters  were  determined 
for  El,  E2,  E4,  and  E7  using  both  the  homogeneous  and  distributed  binary  models  (Table 
2-6).  Note  that  the  estimated  SN  values  were  uniformly  lower  than  the  true  value  (this 
remained  the  case  even  when  differences  between  the  measured  and  estimated/values  were 
considered).  This  may  have  been  because  the  actual  volume  of  NAPL  that  was  emplaced  in 
the  flow  chamber  was  less  than  7.7  mL  (evidenced  by  the  aforementioned  residue  in  the 
mixing  beaker),  or  because  the  effective  KN  values  that  were  realized  were  lower  than  the 
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Table  2-6.  Measured  partitioning  tracer  moments  and  estimated  NAPL  distribution  model 
parameters  for  each  laboratory  experiment. 

Homogeneous 

Measured  Moments b  Model  Distributed  Model 


Tracer3  mx       m2       my         f        SN  f       SNC  o2^o,d 
Eiivo) 

DMP  1.324  1.870  2.851  0.39  0.051  0.51  0.039  2.12 

6M2H  1.641  3.170  7.221  0.42  0.051  0.54  0.040  2.90 
E21vo/2) 

DMP  1.311  1.838  2.764  0.38  0.049  0.43  0.045  1.45 

6M2H  1.564  2.895  6.244  0.37  0.050  0.42  0.045  1.86 
E4  (vJ6) 

DMP  1.277  1.700  2.358  0.49  0.034  0.50  0.034  1.05 

6M2H  1.578  2.806  5.575  0.48  0.040  0.56  0.036  1.87 
E7XV12} 

DMP  1.265  1.663  2.268  0.52  0.031  0.59  0.028  1.21 

6M2H  1.549  2.653  4.982  0.54  0.034  0.59  0.032  1.64 

*  Initial  concentrations,  C0,  were  equal  for  each  experiment  (see  Table  2-5).  b  Moment 
estimates  obtained  from  the  homogeneous  and  distributed  binary  models  were  very  close  to 
the  mea|ured  values  (generally  within  1  %)  and  are  not  shown.  Units  are  PV".  c  Determined 
fromm,  and  SN  =  S/(\  +5).  d  Ratio  of  the  o  values  for  the  second  and  first  modes  of  the 
partitioning  tracer  BTCs;  indicative  of  the  degree  of 'excess'  spreading. 
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batch-measured  values.  However,  the  estimates  for / and  SN  are  independent  and  errors  in 
KN  would  be  reflected  only  in  SN,  and  not / 

The  homogeneous  binary  model  parameters  were  determined  by  algebraic  solution 
of  (2-37)  and  (2-38)  and  the  model  BTCs  generated  with  these  parameters  are  compared  to 
the  measured  BTCs  in  Figure  2-8.  Note  that  the  model  fits  improved  as  the  pore  water 
velocity  decreased,  with  quite  close  matches  obtained  for  DMP  at  the  lowest  velocities.  As 
pore  water  velocity  decreases,  residence  time  increases  and  conditions  at  the  local  scale 
approach  equilibrium.  Thus  the  inherent  model  assumption  of  instantaneous  partitioning  is 
most  closely  approximated,  and  the  resulting  model  BTCs  most  closely  match  the  data,  at 
low  velocities.  Inspection  of  the  BTCs  in  Figure  2-8  indicates  that,  at  a  given  velocity,  the 
partitioning  of  DMP  appeared  to  be  closer  to  equilibrium  than  6M2H,  which  implies  that  k2 
for  DMP  was  greater  than  that  of  6M2H.  This  result  is  consistent  with  the  observations  of 
Brusseau  and  Rao  (1989)  and  Augustijn  (1993)  of  an  inverse  relationship  between  the 
sorption,  or  partitioning,  rate  constant  and  partitioning  coefficient  (also  see  Chapter  4). 

The  distributed  binary  model  was  also  applied  to  the  measured  data.  The  resulting 
model  parameters,  determined  from  solution  of  (2-44)-(2-46),  are  listed  in  Table  2-6  and  the 
corresponding  model  fits  are  compared  to  the  measured  BTCs  in  Figure  2-9.  While  the  flow 
chamber  was  packed  such  that  the  NAPL  saturation  within  the  contaminated  zone  would  be 
relatively  homogeneous,  and  the  results  discussed  above  indicated  that,  at  low  velocities,  the 
homogeneous  binary  model  adequately  described  the  transport  of  partitioning  tracers,  it  was 
desired  to  investigate  whether  the  application  of  the  distributed  binary  model  would  provide 
equally  adequate,  or  even  improved,  parameter  estimates  and  fits  to  the  data.  However, 
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because,  in  this  case,  the  excess  spreading  that  was  realized  in  the  partitioning  tracer  BTCs 
was  due  to  rate-limited  partitioning,  and  not  a  nonhomogeneous  NAPL  distribution,  it  is 
emphasized  that  the  resulting  parameters,  us  and  os,  should  be  considered  as  generally 
descriptive  of  the  degree  of  excess  BTC  spreading,  rather  than  as  specifically  descriptive  of 
the  distribution  of  NAPL  within  the  contaminated  zone.  When  this  concession  is  made,  the 
information  that  can  be  gleaned  from  the  distributed  binary  model  that  is  descriptive  of  the 
NAPL  saturation  distribution  is  reduced  to  that  of  the  homogeneous  binary  model,  namely 
/and  SN. 

Comparison  of  the  model  fits  in  Figure  2-9  to  those  in  Figure  2-8  indicates  that,  at 
each  velocity,  the  distributed  binary  model  provided  better  fits  to  the  measured  data  than  did 
the  homogeneous  binary  model.  The  ratio  of  the  lognormal  distribution  o  values  from  the 
second  and  first  modes  of  the  partitioning  tracer  BTCs  is  a  measure  of  the  degree  of  excess 
spreading  in  the  contaminated  zone  compared  to  the  uncontaminated  zone.  The 
nonpartitioning  tracer  o  values  reported  in  Table  2-5  were  used  for  the  first  mode,  while  the 
second  mode  values  were  determined  from  (2-20),  (2-50),  and  (2-51),  as  described  above. 
For  each  experiment,  the  ratio  o2  +  o,  is  listed  in  Table  2-6.  Note  that  this  ratio  generally 
decreased  with  velocity  except  at  the  lowest  velocity.  The  decreasing  trend  with  velocity  is 
consistent  with  other  observations  indicating  that  partitioning  was  rate-limited.  Also  note 
that  at  the  lowest  velocity  (E7)  the  model  fit  for  6M2H  was  worse  than  at  the  other  flow  rates 
(Figure  2-9),  and  the  estimated /values  were  farther  from  the  true  value  than  at  the  other 
flow  rates  (Table  2-6).  This  result  is  contrary  to  the  expectation  that  the  model  fits  should 
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improve  as  chemical  equilibrium  is  approached  (as  was  observed  with  the  homogeneous 
binary  model). 

An  explanation  for  the  poor  fit  of  the  model  to  the  E7  BTCs  can  be  surmised  by 
noting  that  the  spreading  of  the  first  mode  of  the  6M2H  BTC  was  greater  than  that  of  the 
methanol  BTC  (Figure  2-9d).  This  observation  was  quantitatively  verified  by  fitting  the 
measured  partitioning  BTCs  with  the  superposition  of  two  lognormal  distributions  (not 
shown),  resulting  in  ratios  of  the  partitioning  tracer  o,  to  the  single-mode  methanol  o  of  1 .08 
and  1 .46  for  DMP  and  6M2H,  respectively.  At  very  low  velocities,  advection  becomes  less 
dominant  over  diffusion  as  a  transport  mechanism  (the  role  of  diffusion  as  a  rate-limiting 
step  in  sorption,  partitioning,  and  dissolution  processes  is  also  discussed  in  Chapter  4),  and 
diffusion-limited  processes  approach  equilibrium.  It  is  suggested  that,  at  velocities  that  are 
low  enough  to  allow  for  equilibrium  partitioning,  diffusion  between  the  contaminated  and 
uncontaminated  zones  may  become  non-negligible.  At  a  given  time,  the  partitioning  tracers 
that  are  retarded  in  the  contaminated  zone  have  not  traveled  as  far  as  the  tracers  in  the 
uncontaminated  zone.  Therefore,  a  concentration  gradient  exists  across  the  boundary 
between  the  adjoining  zones,  and  the  resulting  diffusion  produces  excess  spreading  in  the 
portion  of  the  partitioning  tracer  BTC  that  is  nominally  representative  of  the  uncontaminated 
zone. 

Finally,  the  effects  of  flow  bypassing  were  considered.  However,  because  of  the 
relatively  lowNAPL  saturations  in  the  contaminated  zone  in  these  experiments,  these  effects 
were  minor.  Combination  of  (2-27)  and  (2-28)  with  £  =  2  and  the/and  SN  values  in  Table 
2-6  resulted  in  corrections  to/of  approximately  2-3%.  For  example,  correction  of  the  flux- 
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averaged  value  of / given  in  Table  2-6  for  DMP  in  El  to  a  volume-averaged  value  resulted 
in  an  increase  from  0.39  to  0.40. 

Discussion 

These  laboratory  experiments  investigated  the  relative  contributions  of  nonuniform 
NAPL  distribution,  partitioning  isotherm  nonlinearity,  and  nonequilibrium  partitioning  to 
excess  spreading  of  partitioning  tracer  BTCs.  Partitioning  isotherm  nonlinearity  appeared 
to  have  minimal  effect  over  a  tracer  concentration  range  of  approximately  3%  to  18%  of 
aqueous  solubility.  The  effects  of  nonequilibrium  partitioning,  however,  were  observed  over 
a  broad  range  of  pore  water  velocities.  Generally,  local  conditions  are  closer  to  equilibrium 
at  lower  velocities  and  excess  spreading  due  to  nonequilibrium  partitioning  decreases. 
However,  as  velocities  approach  zero,  the  effects  of  molecular  diffusion  become  non- 
negligible.  In  cases  where  the  NAPL  distribution  is  nonuniform,  tracer  concentration 
gradients  may  exist  across  streamtubes  leading  to  enhanced  BTC  spreading  from  molecular 
diffusion.  Because  partitioning  rate  constants  are  a  function  of  KN,  the  velocities  required 
to  achieve  local  equilibrium  will  be  different  for  different  tracers.  Therefore,  when  multiple 
partitioning  tracers  are  used  in  systems  with  nonuniform  NAPL  distributions,  it  is  probable 
that  some  degree  of  nonequilibrium  effects,  on  either  a  local  (i.e.,  pore)  or  multiple 
streamtube  scale,  can  be  expected  regardless  of  velocity. 

In  these  experiments,  the  NAPL  was  relatively  homogeneously  distributed  within  the 
contaminated  zone,  but  because  of  nonequilibrium  effects,  the  distributed  binary  model 
provided  better  fits  to  the  data  than  the  homogeneous  binary  model.  In  these  cases,  the 
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estimated  parameter  as  is  not  representative  of  the  standard  deviation  of  the  NAPL  saturation 
distribution,  but  rather  can  be  considered  as  a  general  parameter  that  accounts  for  the 
spreading  of  the  partitioning  tracer  BTC.  The  values  of  / and  SN  that  were  estimated  using 
both  the  homogeneous  and  distributed  binary  models  were  relatively  close  to  the  measured 
values  for  these  experiments.  However,  because  these  models  are  based  on  the  assumption 
of  instantaneous  partitioning,  our  ability  to  estimate  NAPL  saturation  distribution  parameters 
may  be  restricted  until  nonequilibrium  effects  are  specifically  considered. 

Application  of  Models  to  Field  Data 

The  distributed  binary  model  was  applied  to  data  from  field-scale  partitioning  tracer 
tests  conducted  at  two  different  sites.  The  first  field  experiment-conducted  at  Hill  AFB, 
UT-is  described  in  detail  in  Chapter  3,  while  the  second  study-conducted  at  the  site  of  a 
former  dry  cleaner  in  Jacksonville,  FL-is  described  in  Sillan  (1999). 

Background  and  Methods 

The  two  field  sites  were  contaminated  with  different  types  of  NAPL,  leading  to 
different  NAPL  saturation  distributions.  At  Hill  AFB,  the  multicomponent  NAPL  was  less 
dense  than  water,  while  the  primary  contaminant  at  the  Jacksonville  site,  tetrachloroethylene 
(also  called  perchloroethylene,  PCE),  was  denser  than  water.  These  contaminants  can  be 
generally  categorized  as  light  and  dense  NAPLs  (LNAPLs  and  DNAPLs),  respectively. 

Light  NAPLs  float  on  the  water  table,  often  creating  smear  zones  as  the  water  table 
fluctuates  seasonally.   At  the  Hill  AFB  site,  the  mean  water  table  position  was  only 
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approximately  1  m  above  a  clay  confining  unit  at  8  m  below  ground  surface  (bgs),  and  soil 
core  data  indicated  a  NAPL  smear  zone  extending  from  the  clay  to  approximately  5  m  bgs 
(see  Chapter  3).  The  Hill  AFB  experiments  were  conducted  within  a  hydraulically  isolated 
sheet  pile  test  cell,  enabling  manipulation  of  the  water  table.  During  the  partitioning  tracer 
tests,  the  water  table  in  the  test  cell  was  maintained  at  approximately  5  m  bgs  in  order  to 
capture  the  entire  NAPL  smear  zone.  Thus,  it  was  expected  that  most  of  the  streamtubes 
within  the  test  cell  would  intercept  some  NAPL  (f  ~  1 .0). 

At  the  Jacksonville  site,  the  areal  and  vertical  extent  of  the  NAPL  source  zone  was 
less  clear.  Soil  cores  indicated  a  NAPL  source  zone  between  7  and  10  m  bgs  that  consisted 
of  thin  layers  of  separate  phase  PCE  that  did  not  appear  to  be  horizontally  continuous  (Sillan, 
1999).  Example  soil  concentration  profiles  are  presented  in  Figure  2-10.  These  data 
illustrate  that  much  of  the  aquifer  was  uncontaminated,  but  the  fraction  of  horizontal 
trajectories  intercepting  some  amount  of  NAPL  was  likely  greater  than  the  value  off  that 
might  be  expected  from  the  examination  of  individual  borings.  There  were  no  sheet  pile 
walls  at  the  Jacksonville  site.  Also,  the  confining  clay  layer  (approximately  1 1  m  bgs)  and 
the  water  table  (approximately  3  m  bgs)  did  not  strictly  bound  the  NAPL  source  zone,  as  in 
the  Hill  AFB  study.  Therefore,  it  was  likely  that  some  of  the  tracer  solution  followed 
streamlines  through  portions  of  the  aquifer  that  were  either  above  or  below  the  NAPL  source 
zone.  Thus,  while  an  accurate  a  priori  estimate  of  the  fraction  of  the  streamtubes  that  might 
have  intercepted  some  NAPL  was  not  possible,  it  was  estimated  that  a  measurable  fraction 
of  the  streamtubes  would  be  uncontaminated  (i.e.,  f<  1.0). 
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Figure  2-10.  Example  PCE  soil  concentration  profiles  from  the  Jacksonville,  FL  field  site 
for  samples  collected  during  the  installation  of  (a)  an  injection  well,  and  (b)  a  recovery  well. 
Adapted  from  Sillan  (1999). 
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Methanol  was  used  as  the  nonpartitioning  tracer  at  both  sites  and  the  partitioining 
tracers  were  DMP  (KN=  10.7)  and  2-ethyl-l-hexanol  (EHex,  AT^  =  74)  at  the  Hill  AFB  and 
Jacksonville  sites,  respectively.  Both  studies  were  conducted  at  flow  rates  that  were 
equivalent  to  approximately  1  PV  per  day.  Only  one  set  of  nonpartitioning  and  partitioning 
tracer  BTCs  are  presented  here  for  each  study.  The  Jacksonville  results  are  from  a  recovery 
well  labeled  RW  7,  while  the  Hill  AFB  results  are  from  the  flux-average  of  the  BTCs 
measured  at  all  three  extraction  wells,  representing  information  integrated  over  the  entire  test 
cell  volume. 

Field  Results 

The  first  three  temporal  moments  of  the  nonpartitioning  and  partitioning  tracer  BTCs 
measured  during  both  studies  are  presented  in  Table  2-7  (units  are  d^.  The  measured  BTCs 
were  truncated  because  of  the  dual  limitations  of  analytical  detection  and  experiment 
duration,  as  described  above,  and  the  values  listed  in  Table  2-7  are  the  complete  moment 
estimates  obtained  using  the  truncated  lognormal  distribution  approach  with  the 
superposition  of  two  lognormal  distributions. 

Nonpartitioning  and  partitioning  tracer  CDFs-determined  by  scaling  the  measured 
BTCs  to  their  zeroth  moments  and  integrating-from  both  field  studies  are  presented  in  Figure 
2-11  along  with  the  model  fits  for  each.  For  both  studies,  accurate  modeling  of  the 
nonpartitioning  tracer  transport  required  the  superposition  of  two  lognormal  distributions  and 
the  resulting  lognormal  parameters  are  listed  in  Table  2-7  (note  that  these  parameters  are 
equivalent  to  those  used  to  calculate  the  complete  moments  because  the  complete  moment 
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Table  2-7.  Nonpartitioning  and  partitioning  tracer  moments  and  NAPL  saturation  distribution 
parameters  for  the  Hill  AFB,  UT  and  Jacksonville,  FL  field  tracer  experiments. 

Moments a  Lognormal  Model  Parameters b 


Tracer  mx       m2       m3  p,  O)  F  If  p2/  \is  a2l  os 

Hill  AFB.  UT 

Methanol  1.242  2.985  16.36  -0.188  0.444  0.807  0.712  0.704 

DMP  2.117  8.666  75.39  -  -  1.0  -2.69  0.100 
Jacksonville,  FL 

Methanol  1.062  2.329  10.36  -0.865  0.193  0.201  -0.127  0.809 

EHex  1.422  4.481  28.79  -  -  0.650  -4.89  0.066 

a  Units  are  d^.  b  Subscripts  1  and  2  refer  to  the  first  and  second  modes  of  the  superposition 
of  two  lognormal  distributions  used  to  model  the  nonpartitioning  tracer  data,  where  F  is  the 
fractional  contribution  of  the  first  mode.  The  NAPL  saturation  distribution  parameters  /,  \is, 
and  os  were  determined  from  the  partitioning  tracer  moments  using  (2-44)-(2-46). 
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Figure  2-11.  Measured  nonpartitioning  and  partitioning  tracer  CDFs  with  model  fits  for  the 
(a)  Hill  AFB,  UT  and  (b)  Jacksonville,  FL  field  studies. 
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estimates  were  also  obtained  from  the  superposition  of  two  lognormal  distributions).  The 
NAPL  saturation  distribution  parameters  (Table  2-7)  were  determined  for  each  study  from 
(2-44)-(2-46)  by  minimizing  the  RMSD  between  the  measured  and  estimated  values  for  the 
first  three  normalized  temporal  moments  of  the  partitioning  tracer  BTC.  Exact  solution  of 
(2-44)-(2-46)  was  not  possible  for  these  data,  presumably  because  of  the  bi-continuous  nature 
of  the  nonpartitioning  tracer  BTCs.  In  the  absence  of  data  supporting  a  correlation  between 
K  and  SN,  and  in  consideration  of  the  damping  effect  of  media  heterogeneity  and  flow 
geometry,  p,^  was  assumed  to  be  equal  to  zero  for  both  field  sites. 

As  discussed  above,  the  bi-continuous  nonpartitioning  tracer  BTCs  also  complicated 
the  generation  of  the  partitioning  tracer  model  fit.  Model  CDFs  were  generated  using  the 
methodology  described  above  and  were  compared  to  the  measured  partitioning  tracer  CDFs. 
Note  that  for  both  studies,  the  partitioning  tracer  CDFs  that  resulted  from  the  application  of 
the  distributed  binary  model  closely  matched  the  measured  data. 

As  discussed  in  relation  to  the  laboratory  experiments,  it  is  suggested  that  as  should 
not  be  interpreted  as  strictly  representative  of  the  NAPL  saturation  distribution,  but  instead 
should  be  interpreted  as  a  general  measure  that  incorporates  the  combined  effects  of 
nonuniform  NAPL  distribution  within  the  contaminated  fraction  of  the  domain, 
nonequilibrium  and  nonlinear  partitioning,  and  correlation  between  NAPL  saturation  and 
media  properties.  Also,  note  that,  as  discussed  in  relation  to  the  two-dimensional  particle 
tracking  simulations,  os  is  representative  of  the  variability  in  the  integrated  streamtube- 
average  NAPL  saturation  distribution,  which  is  likely  to  be  much  less  variable  than  the  point 
distribution.  For  example,  the  CDF  generated  by  integrating  (2-14),  using  the  Hill  AFB  us 
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and  as  values  (Table  2-7),  is  compared  in  Figure  2-12  to  the  CDF  generated  from  59  soil 
samples  collected  within  the  Hill  AFB  flushed  zone  (see  Chapter  3).  Note  that  both  CDFs 
have  been  scaled  to  their  respective  means  to  illustrate  their  disparate  variances.  The  soils 
data  CDF  was  based  on  w-undecane  soil  concentrations,  which  should  have  been  similar  to 
the  NAPL  saturation  distribution,  assuming  a  relatively  homogeneous  NAPL  composition 
within  the  test  cell  (CDFs  for  different  NAPL  constituents  were  similar  to  that  shown  in 
Figure  2-12).  Note  that,  as  shown  in  the  numerical  simulations,  the  variability  of  the  point 
data  was  much  greater  than  that  of  the  integrated  measure. 

The  relatively  small  os  values  that  were  determined  for  both  field  sites  indicated  that, 
within  the  contaminated  zone,  the  NAPL  saturation  distributions  were  not  particularly 
variable.  It,  therefore,  should  not  be  surprising  that  application  of  the  homogeneous  binary 
model  to  these  data  produced  model  fits  (not  shown)  that  were  very  close  to  those  presented 
in  Figure  2-11,  with  NAPL  distribution  parameters  that  were  only  slightly  different  from 
those  in  Table  2-7  (f=  1.0  and  0.47,  and  SN  =  0.064  and  0.010  for  the  Hill  AFB  and 
Jacksonville  sites  respectively).  These  data  suggest  that  accurate  characterization  of 
nonpartitioning  tracer  transport  (e.g.,  through  the  superposition  of  multiple  transport 
equations)  and  the  fraction  of  the  domain  that  is  contaminated  (using  either  the  homogeneous 
or  distributed  binary  models)  may  be  sufficient  to  adequately  characterize  partitioning  tracer 
transport,  and  thus  the  NAPL  saturation  distribution,  even  when  the  impact  of  other  factors 
such  as  nonequilibrium  partitioning  and  correlations  between  K  and  SN  are  ignored.  Finally, 
it  is  emphasized  that  the  estimated /values  for  both  sites  were  consistent  with  qualitative 
expectations  based  on  the  type  of  NAPL  and  the  flow  geometry  at  each  site. 
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□  n-undecane  —  integrated  S  distribution 

Figure  2-12.  Comparison  of  CDFs  from  the  Hill  AFB,  UT  w-undecane  soil  core  point  data 
and  the  estimated  streamtube-average  S  distribution.  Both  CDFs  have  been  scaled  to  their 
respective  means. 


CHAPTER  3 
FIELD-SCALE  AQUIFER  REMEDIATION: 
SINGLE-PHASE  MICROEMULSION  (SPME)  FLUSHING 


Introduction 

Recently,  many  investigators  have  demonstrated  that  in  situ  flushing  techniques  show 
promise  for  the  remediation  of  aquifers  contaminated  with  nonaqueous  phase  liquids 
(NAPLs),  such  as  fuels  and  chlorinated  solvents,  in  time  frames  much  smaller  than  would 
be  expected  for  traditional  pump-and-treat  methods  (Falta  et  al.,  1 996;  Fountain  et  al.,  1 996; 
Rao  et  al.,  1997).  Similar  to  enhanced  oil  recovery  (EOR)  (e.g.,  Shah,  1981;  Lake,  1989), 
these  flushing  technologies  generally  involve  the  addition  of  chemical  agents  to  an  injection 
fluid  during  either  miscible  or  immiscible  displacements  to  accelerate  the  dissolution  or 
displacement  of  NAPLs  from  contaminated  aquifers.  Two  classes  of  chemical  agents  used 
for  in  situ  flushing  which  have  been  the  focus  of  much  study  are  cosolvents  (Peters  and 
Luthy,  1993;  Brandes  and  Farley,  1993;  Augustijn  et  al.,  1994;  Imhoff  et  al.,  1995)  and 
surfactants  (Abdul  et  al.,  1 992;  West  and  Harwell,  1 992;  Pennell  et  al.,  1 993 ;  Fountain  et  al., 
1996;  Shiauetal.,  1996). 

Both  cosolvent  and  surfactant  solutions  can  be  used  to  accelerate  the  removal  of 
residually-trapped  NAPLs  from  porous  media  through  either  mobilization  or  enhanced 
solubilization.  Mobilization  of  NAPL  trapped  within  the  porous  media  by  capillary  forces 
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is  facilitated  by  a  reduction  in  the  interfacial  tension  (IFT)  between  the  NAPL  and  the 
flushing  solution  as  either  a  cosolvent  or  surfactant  solution  displaces  the  resident 
groundwater  and  contacts  NAPL  ganglia.  Similarly,  solubilization  of  the  NAPL  is  enhanced 
due  to  the  reduced  polarity  of  the  flushing  solution,  compared  to  that  of  the  resident 
groundwater. 

Several  laboratory  and  field  mobilization  studies  have  shown  that  a  large  percentage 
of  the  NAPL  trapped  in  contaminated  porous  media,  often  >  95%,  can  be  removed  after 
injecting  a  small  number  of  pore  volumes  (PV)  of  flushing  fluid  (e.g.,  Pennell  et  al.,  1996; 
Sabatini  et  al.,  1 996).  However,  mobilization  technologies  are  limited  to  sites  where  the  flow 
of  the  mobilized  NAPL  can  be  controlled  and  the  potential  for  migration  of  NAPL  through 
layers  that  previously  acted  as  capillary  barriers  can  be  assured.  Remediation  technologies 
which  rely  on  solubilization  generally  do  not  remove  the  NAPL  as  efficiently  as  mobilization 
technologies.  However,  solubilization  technologies  generally  pose  less  risk  with  regard  to 
uncontrolled  migration  of  the  mobilized  NAPLs  and  are  less  complex  to  design,  particularly 
with  regard  to  the  number  of  parameters  requiring  optimization.  It  is  for  these  reasons  that 
the  focus  of  the  group  at  the  University  of  Florida  (UF)  has  been  on  developing  aquifer 
remediation  strategies  which  solubilize  NAPLs  without  inducing  mobilization  (Rao  et  al., 
1991;  Augustijn  et  al.,  1994;  Ouyang  et  al.,  1996;  Rhue  et  al.,  1999). 

The  results  reported  here  are  from  a  field-scale  aquifer  remediation  study  conducted 
in  a  surficial  aquifer  contaminated  with  a  complex  NAPL  mixture,  wherein  NAPL 
solubilization  without  mobilization  was  the  goal.  This  study  was  one  of  eight  pilot-scale 
tests  funded  by  the  Strategic  Environmental  Research  and  Development  Program  (SERDP) 
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and  the  Advanced  Applied  Technology  Demonstration  Facility  (AATDF),  and  conducted 
side-by-side  at  Hill  Air  Force  Base  (AFB),  Utah  for  the  purpose  of  evaluating  in  situ  flushing 
remediation  technologies  for  the  removal  of  NAPLs  from  subsurface  environments.  In  1 995, 
UF  and  the  U.S.  Environmental  Protection  Agency  (EPA)  conducted  a  field-scale  evaluation 
of  in  situ  cosolvent  flushing  within  the  same  contaminant  source  zone  at  Hill  AFB  (Rao  et 
al.,  1997;  Annable  et  al.,  1998;  Sillan  et  al.,  1998),  wherein  the  flushing  solution  (70% 
ethanol,  12%  w-pentanol,  and  1 8%  water  by  volume)  was  designed  to  solubilize  the  NAPL. 
In  this  second  solubilization  study,  the  objective  was  to  achieve  high  NAPL  solubilization 
efficiencies  with  a  lower  concentration  of  chemical  additives  in  the  flushing  solution  than 
was  required  in  the  cosolvent  flushing  experiment.  A  surfactant/alcohol  mixture  was  used 
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to  generate  a  Winsor  Type  I  system,  where  the  NAPL  was  solubilized  and  transported  as  a 
single-phase  microemulsion  (SPME).  For  the  SPME  process,  only  5.5  wt  %  of  the  flushing 
solution  was  comprised  of  chemical  additives. 

The  SPME  flushing  study  was  conducted  in  a  hydraulically-isolated  test  cell  (2.8  m 
x  4.6  m),  similar  in  design  to  that  described  by  Rao  et  al.  (1997).  The  amount  and  spatial 
distribution  of  residual  NAPL  within  the  test  cell  were  determined  both  before  and  after 
SPME  flushing  using  soil  cores  and  interwell  partitioning  tracer  tests  (Jin  et  al.,  1995; 
Annable  et  al.,  1998).  During  the  SPME  flood,  fluid  samples  were  regularly  collected  from 
extraction  wells  and  multilevel  samplers  and  were  analyzed  for  target  NAPL  constituents. 
Each  of  these  data  sets  was  used  to  evaluate  the  performance  of  the  SPME  flushing 
experiment  in  terms  of  both  the  NAPL  removal  effectiveness,  defined  as  the  fraction  of  the 
initial  amount  of  contaminants  present  that  was  removed  by  the  remediation  technology,  and 
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the  NAPL  removal  efficiency,  defined  as  the  amount  of  NAPL  removed  divided  by  a 
measure  of  the  volume  of  flushing  fluid  applied.  Also,  the  performance  of  the  SPME  flood 
was  compared  to  that  of  the  1995  cosolvent  flood  using  the  same  performance  measures. 

Technology  Description 

A  microemulsion  is  an  optically  transparent  dispersion  of  liquid  droplets  (<  0. 1  urn) 
suspended  within  a  second,  immiscible  liquid  stabilized  by  an  interfacial  film  of  surface- 
active  molecules  (Rosen,  1989).  Generally,  the  stabilizing  interfacial  film  is  comprised  of 
both  a  surfactant  and  a  cosurfactant  (such  as  an  intermediate  chain-length  alcohol).  Varying 
a  parameter  which  changes  the  character  of  the  system  from  hydrophilic  to  lipophilic  will 
produce  a  phase  transition  from  an  oil-in-water  microemulsion  (oil,  or  NAPL,  droplets  in  a 
water-continuous  phase;  Winsor  Type  I),  to  a  water-in-oil  microemulsion  (water  droplets  in 
an  oil  phase;  Winsor  Type  II).  Winsor  Type  III  systems  are  formed  mid-way  in  the  transition 
from  hydrophilic  to  lipophilic  systems.  At  the  transition  to  a  Winsor  Type  III  system  the 
IFTs  between  the  microemulsion  phase,  also  known  as  the  middle  phase,  and  any  excess  oil 
or  water  phases  present  reach  extreme  minimums,  much  lower  than  those  achieved  in  Winsor 
Type  I  and  II  systems.  It  is  because  of  these  ultra-low  IFTs  that  middle-phase 
microemulsions  have  been  promoted  for  both  EOR  (Shah,  1981;  Lake,  1989)  and  aquifer 
remediation  via  NAPL  mobilization  (Baran  et  al.,  1994;  Sabatini  et  al.,  1996;  Shiau  et  al., 
1996).  However,  middle-phase  systems  can  be  difficult  to  design  in  field  settings  because 
of  the  relatively  large  number  of  parameters  requiring  optimization  (e.g.,  salinity,  surfactant 
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concentration,  and  aquifer  geochemical  conditions)  (Pithapurwala  et  al.,  1986;  Sabatini  et 
al.,  1996). 

Martel  and  collaborators  (Martel  et  al.,  1 993 ;  Martel  and  Gelinas,  1 996)  proposed  the 
use  of  Winsor  Type  I  microemulsions  to  solubilize  NAPLs  without  mobilization.  These 
systems  have  the  advantages  of  high  solubilization  of  NAPLs  (although  not  as  high  as 
middle-phase  microemulsions)  with  relatively  low  amounts  of  chemical  additives  required. 
Huh  (1979)  showed  that  in  microemulsions,  solubilization  of  the  oil  phase  into  the 
microemulsion  is  related  to  interfacial  tension  by  an  inverse-squared  relationship.  Therefore, 
remediation  systems  which  rely  on  Winsor  Type  I  microemulsification  will  necessarily  be 
less  efficient  than  those  that  rely  on  Winsor  Type  III  microemulsions  and  mobilization,  since 
solubilization  will  be  lower  at  the  higher  interfacial  tensions  required  to  prevent 
mobilization. 

The  mechanisms  of  aqueous  solubilization,  micellar  solubilization,  and 
microemulsification  are  contrasted  in  the  conceptual  diagram  shown  in  Figure  3-1.  In 
aqueous  solubilization,  individual  molecules  of  NAPL  constituents  dissolve  in  the  water 
(Figure  3- la).  In  the  presence  of  surfactant  micelles,  solubilization  is  enhanced  as  NAPL 
constituent  molecules  are  scavenged  from  the  aqueous  solution  (Figure  3- lb).  Rather  than 
solubilizing  individual  constituent  molecules,  microemulsions,  through  a  reduction  of 
interfacial  tension,  are  able  to  encapsulate  tiny  droplets  of  the  NAPL  itself  (Figure  3-lc). 
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Aqueous  Solubilization  Micellar  Solubilization 

(Pump  and  Treat) 


Microemulsification:  low  interfacial  tension 

Surfactant     -  3%  Brij  97®  [C18O(QH4O)10H] 
Cosurfactant  -  2.5%  n-pentanol 


Figure  3-1 .  Conceptual  comparison  of  (a)  aqueous  solubilization,^)  micellar  solubilization, 
and  (c)  microemulsification.  Solid  circles  indicate  surfactant  molecules,  open  circles  indicate 
cosurfactant  molecules  and  squiggles  indicate  NAPL  constituent  molecules. 
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Laboratory  Investigations 

The  NAPL  used  in  the  laboratory  phase  of  this  study  was  free  product  taken  in  June, 
1995  from  a  monitoring  well  (OU 1-202)  located  approximately  25  m  northwest  of  the  test 
cell  at  Hill  AFB.  It  had  a  viscosity  of  10.7  cp  and  a  density  of  0.85  g/cm3  at  24°C.  Of  the 
approximately  200  constituents  that  have  been  identified  in  the  NAPL  at  Hill  AFB 
(Montgomery  Watson,  1995)  nine  target  analytes  were  selected  for  monitoring  the  presence 
of  NAPL  in  aqueous  microemulsions.  These  nine  compounds  are  listed  in  Table  3-1  along 
with  their  respective  mass  fractions  in  the  NAPL.  Also  listed  in  Table  3-1  are  the  mass 
fractions  of  the  nine  target  compounds  in  a  free  product  NAPL  sample  taken  in  June,  1996 
from  a  monitoring  well  (labeled  MW-2  in  Table  3-1 )  located  approximately  2  m  north  of  the 
test  cell  at  Hill  AFB.  It  had  a  density  of  0.88  g/cm3  at  24 °C.  The  spatial  compositional 
heterogeneity  of  the  Hill  NAPL  is  indicated  by  the  different  compositions  of  the  two 
samples.  While  the  OU  1-202  NAPL  was  used  for  the  laboratory  phase  of  this  project,  the 
MW-2  NAPL  was  collected  very  near  the  field  test  cell  and  was  thus  used  for  determining 
NAPL  composition  for  the  field  phase  of  the  study. 

The  first  phase  of  this  study  was  to  select  a  surfactant  and  cosurfactant,  which 
together  form  the  microemulsion  precursor,  that  would  produce  a  low- viscosity,  single-phase 
microemulsion  on  contact  with  the  multicomponent  NAPL  found  at  the  field  site.  Rhue  et 
al.  (1999)  screened  86  surfactants  and  3  alcohols,  with  maximum  NAPL  solubilization  and 
low-viscosity  (<  2  cp)  as  the  main  acceptance  criteria.  The  viscosity  of  the  precursor 
solution  was  limited  to  preclude  large  hydraulic  gradients  across  the  test  cell  and  excessive 
drawdown  around  the  extraction  wells.  The  precursor  solution  selected  was  the  surfactant 
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Table  3-1.  Mass  fractions  and  octanol- water  partitioning  coefficients  of  target  NAPL 
constituents. 


NAPL  Constituent 

Mass  Fraction,  Xt  b 
(g/lOOgNAPL) 

OU 1-202  MW-2 

\ogKow< 

a/?-xylene 

U.OZ/Z 

U.  1 HH 

3.15 

1 ,2-dichlorobenzene 

1.66 

NM 

3.40 

al  ,2,4-trimethylbenzene 

1.08 

0.438 

3.63 

naphthalene 

0.055 

NM 

3.35 

1 ,2,4-trichlorobenzene 

0.62 

0.461 

4.10 

a«-decane 

2.14 

0.477 

6.25 

a«-undecane 

1.32 

1.573 

6.53 

aw-dodecane 

0.680 

0.698 

6.80 

a«-tridecane 

0.510 

0.285 

7.40 

a  NAPL  constituents  emphasized  in  this  analysis.  b  Measured  by  dissolving  NAPL  collected 
from  the  field  site  in  hexane  and  analyzing  by  gas  chromatograph  with  flame  ionization 
detection.  0  From  Sangster  (1989),  except  1 ,2-dichlorobenzene  and  1,2,4-trichlorobenzene, 
which  were  from  Abernethy  et  al.  (1988),  and  w-undecane  and  n-tridecane,  which  were 
estimated  based  on  linear  interpolation.  NM  =  not  measured. 


89 

Brij  97  (polyoxyethylene  (10)  oleyl  ether)  at  3  wt  %  and  n-pentanol  at  2.5  wt  %  in  water. 
Rhue  et  al.  (1999)  found  that  upon  equilibration  of  the  SPME  precursor  solution  with  the 
OU 1-202  NAPL,  the  dissolved  concentration  of  dodecane  was  104  mg/L,  compared  to  an 
expected  aqueous  concentration  of  2.5  *  1 0"5  mg/L  (based  on  an  aqueous  solubility  of 0.0037 
mg/L  and  a  mass  fraction  in  the  NAPL  of  0.680  wt  %,  Table  3-1).  Greater  NAPL 
solubilization  could  be  achieved  with  higher  concentrations  of  surfactant  and  cosurfactant. 
However,  increased  solubilization  would  be  accompanied  by  a  concomitant  increase  in 
viscosity.  The  field-measured  viscosity  of  the  precursor  was  1 .66  cp,  while  the  viscosity  of 
tap  water  at  the  same  ambient  temperature  (approximately  32 °C)  was  measured  to  be  0.87 

CP- 
As suggested  by  Figure  3  - 1 ,  when  a  multicomponent  NAPL  is  emulsified,  the  relative 
proportions  of  the  NAPL  constituents  in  the  microemulsion  should  be  the  same  as  those  in 
the  NAPL  itself.  This  is  contrasted  to  dissolution  processes,  wherein  more  soluble  NAPL 
constituents  would  be  selectively  dissolved  in  preference  to  less  soluble  constituents. 
Chromatograms,  measured  by  gas  chromatography  (GC),  of  OU  1-202  NAPL  in  a  hexane 
solution  and  in  an  aqueous  micreomulsion  formed  with  the  SPME  precursor  are  compared 
in  Figure  3-2.  Peaks  associated  with  the  nine  target  analytes  as  well  as  hexane  and  n- 
pentanol  are  identified.  The  NAPL  was  completely  dissolved  in  the  hexane  solution, 
whereas  the  microemulsion  was  formed  in  the  presence  of  excess  NAPL.  Except  for  the 
hexane  and  pentanol  peaks,  the  two  chromatograms  are  similar  and  indicate  little 
solubilization  selectivity  in  the  microemulsion  phase  with  respect  to  the  nine  target  analytes. 
Lack  of  selectivity  is  also  demonstrated  in  Figure  3-3,  where  the  concentrations  of  target 
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Relative  concentration:  NAPL 


Figure  3-3 .  Concentrations  of  target  analytes,  relative  to  w-undecane,  in  the  OU 1  -202  NAPL 
and  in  a  Brij  97//7-pentanol  microemulsion  (adapted  from  Jawitz  et  al.,  1997a  and  Rhue  et 
al,  1999). 
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analytes  in  the  microemulsion,  relative  to  that  of  H-undecane  are  plotted  against  relative 
concentrations  in  the  NAPL.  With  the  possible  exception  of  1 ,2-dichlorobenzene  (DCB), 
which  tended  to  be  present  in  the  microemulsion  phase  at  a  slightly  higher  concentration, 
relative  to  H-undecane,  than  it  was  in  the  NAPL,  it  appears  that  selectivity  was  negligible. 
These  results  suggest  true  emulsification  of  the  multicomponent  NAPL  by  the  SPME 
precursor  solution. 

Field  Site  Characterization 

Field  Site  Background 

A  brief  summary  of  the  field  site  history  and  geohydrology  follows;  greater  detail  can 
be  found  in  a  report  written  for  Hill  AFB  by  Montgomery  Watson,  Inc.  (1995).  Hill  AFB 
is  located  approximately  50  km  north  of  Salt  Lake  City,  UT  at  the  western  foot  of  the 
Wasatch  Mountain  Range.  The  field  site  was  located  in  a  NAPL  source  zone  within  a 
shallow  surficial  aquifer  which  is  located  on  the  Weber  Delta,  approximately  100  m  above 
the  Weber  River  valley.  The  aquifer  material  consists  of  sand  and  gravel  (Provo  Formation), 
with  a  thick  (>  60  m)  clay  aquitard  (Alpine  Formation)  approximately  8  m  below  ground 
surface  (bgs).  The  aquifer  was  contaminated  through  the  use  of  two  chemical  disposal  pits 
in  the  1940s  and  1950s.  A  variety  of  liquid  wastes  such  as  fuels,  waste  oils,  and  spent 
solvents  from  degreasing  operations  were  disposed  of  in  these  pits.  Migration  over  the  years 
has  caused  spreading  of  the  NAPL  source  zone  to  an  area  of  approximately  2.8  ha.  A 
schematic  diagram  of  the  field  site  is  presented  in  Figure  3-4,  illustrating  the  locations  of  the 
eight  SERDP/AATDF  test  cells,  the  1995  UF  test  cell,  and  the  chemical  disposal  pits. 


Figure  3-4.  Locations  of  the  SERDP/AATDF  test  cells  within  the  NAPL  source  zone  at 
Operable  Unit  1,  Hill  AFB,  Utah. 
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The  NAPL  collected  from  wells  at  the  site  was  a  very  hydrophobic  mixture  which 
tended  to  strongly  coat  solid  surfaces.  Contaminated  aquifer  solids  collected  from  within  the 
test  cell  appeared  to  be  completely  coated  with  the  NAPL.  However,  free  phase  NAPL 
samples  collected  at  the  site  were  completely  miscible  with  both  hexane  and  methylene 
chloride.  Because  the  NAPL  density  was  less  than  that  of  water,  it  was  generally  found  at 
or  above  the  water  table.  While  the  seasonal  water  table  was  at  approximately  7  m  bgs  at  the 
time  these  experiments  were  conducted  (May  -  August  1996),  periodic  water  table 
fluctuations  since  the  contamination  events  have  created  a  NAPL  smear  zone  extending  up 
approximately  3  m  from  the  clay  layer  (i.e.,  5  m  to  8  m  bgs).  For  the  experiments  reported 
here,  the  water  table  within  the  cell  was  maintained  at  4.9  m  bgs  in  order  to  capture  the  entire 
NAPL  smear  zone  within  the  flow  domain. 

Test  Cell  Design  and  Instrumentation 

The  design  of  the  eight  hydraulically-isolated  test  cells  at  the  SERDP  site  was  similar 
to  that  of  the  cell  which  was  built  for  the  1995  UF/EPA  cosolvent  flushing  project  at  Hill 
AFB  (Rao  et  al.,  1997;  Annable  et  al.,  1998;  Sillan  et  al.,  1998).  Each  cell  was  constructed 
using  9.5  mm  thick  interlocking  steel  sheet  piles  with  grouted  joints,  enclosing  rectangular 
areas  of  approximately  2.8  m  x  4.6  m  and  penetrating  from  the  ground  surface  to 
approximately  3.7  m  into  the  clay  confining  unit.  The  Z-shape  of  the  individual  piles 
resulted  in  12  large  (0.60  m  x  0.33  m)  corrugations  around  the  perimeter  of  the  cell  which 
represented  approximately  17%  of  the  cell  area  (Figure  3-5).  The  instrumentation  of  each 
cell  was  similar  to  that  described  by  Annable  et  al.  (1998),  with  four  injection  wells  (IWs) 
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4.6  m 


LEGEND 

o 

Injection  Well  (IW) 

□ 

Extraction  Well  (EW) 

8 

Multi-level  sampler  (MLS) 

IS 

Initial  (pre-flushing)  soil  core  location 

® 

Final  (post-flushing)  soil  core  location 

Figure  3-5.  Plan  view  of  cell  layout.  Solid  triangles  represent  grout-filled  joints  between 
individual  interlocking  sheet  piles.  All  preflushing  soil  cores  were  taken  during  installation 
of  wells  and  MLSs  at  the  indicated  locations. 
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and  three  extraction  wells  (EWs),  all  fully-screened,  and  1 5  multilevel  samplers  (MLSs) 
(Figure  3-6).  Each  of  the  seven  wells  was  screened  from  4.9  m  to  7.9  m  bgs  with  0.25  mm 
slotted  stainless  steel  casing.  The  MLSs  were  constructed  using  0.32  cm  stainless  steel 
tubing  terminating  with  either  a  20  urn  or  40  (am  stainless  steel  filter.  Between  five  and  eight 
samplers  were  bundled  at  each  of  the  1 5  MLS  locations,  resulting  in  96  individual  sampling 
points.  One  set  of  MLSs  was  attached  directly  to  each  of  the  EWs  prior  to  installation. 
Individual  samplers  may  have  become  turned  around  during  installation  such  that  the 
sampler  was  located  behind  the  EW  (i.e.,  not  in-line  with  the  Iws).  Thus,  data  from  these 
samplers  are  generally  considered  to  be  less  reliable  than  data  from  the  other  sampling 
locations. 

A  leak  test  was  conducted  in  the  cell  prior  to  the  flushing  experiments.  Heavy  rains 
at  the  field  site  during  late  spring  of  1996  contributed  to  a  rise  in  the  water  table  within  the 
cell  to  a  level  of  approximately  1 .4  m  bgs,  greater  than  5  m  above  the  water  table  outside  the 
cell.  Water  table  monitoring  over  a  period  of  5  days  showed  losses  of  approximately  47 
L/day  at  the  extreme  head  differential,  corresponding  to  an  average  leakage  of  0.3%  of  the 
pore  volume  per  day.  Thus,  it  was  deemed  that  during  experiments  conducted  within  the  test 
cell,  wherein  the  head  differential  across  the  cell  walls  was  only  approximately  2  m,  losses 
from  leakage  could  be  ignored. 

Hydrodynamics  Characterization 

A  nonreactive  tracer  test  was  conducted  to  characterize  the  test  cell  hydrodynamics 
prior  to  partitioning  tracer  tests  and  SPME  flushing.  The  effective  pore  volume  of  the  test 
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Figure  3-6.  Schematic  of  the  SPME  test  cell. 
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cell  was  determined  to  be  approximately  6.0  kL,  based  on  moment  analysis  of  nonreactive 
tracer  BTCs  measured  at  the  extraction  wells.  The  effective  porosity  within  the  test  cell  was 
measured  to  be  0.14  by  both  hydraulic  testing  and  the  nonreactive  tracer  test.  Also,  the 
average  hydraulic  conductivity  across  the  cell  was  determined  to  be  0.01  cm/s  by  measuring 
the  hydraulic  gradient  between  two  piezometers,  set  1 .6  m  apart  along  the  flow  direction,  at 
different  flow  rates. 

Contaminant  Distribution  Characterization 

The  spatial  distribution  of  residual  NAPL  within  the  test  cell  both  before  and  after 
SPME  flushing  was  determined  using  two  methods:  (1)  soil  cores,  and  (2)  interwell 
partitioning  tracer  tests. 

Soil  cores.  The  preflushing  distribution  of  target  NAPL  constituents  was  determined 
from  85  soil  samples  collected  from  8  borings,  and  the  postflushing  distribution  was 
determined  from  40  subsamples  collected  from  6  borings  (Figure  3-5).  Soil  cores  were 
subsampled  immediately  upon  collection  and  approximately  1 0  g  of  soil  were  placed  into  40 
mL  vials  containing  5  mL  each  of  methylene  chloride  and  water.  The  samples  were  shipped 
in  coolers  overnight  to  Michigan  Technological  University,  Houghton,  MI  and  were 
analyzed  using  a  Hewlett  Packard  5890  GC  equipped  with  a  0.25  mm  diameter,  30  m  long 
DB-1701  column  (J&W  Scientific)  with  either  a  Hewlett  Packard  5970  or  5972  mass 
spectrometer. 

For  consistency  in  the  evaluation  of  the  remediation  effectiveness  of  the  8 
SERDP/AATDF  pilot  tests,  soil  samples  collected  from  each  test  cell  were  analyzed  for  the 
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same  1 2  NAPL  constituents  (Montgomery  Watson,  1 995).  Of  these  twelve  constituents,  the 
following  seven  were  found  to  be  most  prevalent  in  the  UF  cell:  two  alkanes  (w-decane  and 
H-undecane),  four  substituted  benzenes  (1,2-dichlorobenzene,  1,3,5-trimethylbenzene,  o- 
xylene,  and  /^-xylene),  and  naphthalene.  The  following  five  constituents  were  found  to  have 
average  soil  concentrations  of  less  than  0.1  mg/kg  and  were  not  considered  further:  1,1,1- 
trichloroethane,  trichloroethene,  benzene,  toluene,  and  ethylbenzene. 

Selected  preflushing  soil  concentration  profiles  are  presented  in  Figure  3-7  for  the 
three  constituents  with  the  highest  soil  concentrations:  «-undecane,  «-decane,  and  1,3,5- 
trimethylbenzene  (also  see  Table  3-4).  The  NAPL  smear  zone  is  evident  where  the 
maximum  contaminant  concentrations  are  centered  around  the  approximate  position  of  the 
regional  water  table  (7  m  bgs,  or  1  m  above  the  clay  confining  unit).  Note  that  the  center  of 
mass  was  approximately  0.5  m  deeper  in  the  soil  cores  taken  from  the  west  side  of  the  cell 
(IW  4  and  EW  3)  than  in  those  from  the  east  side  of  the  cell  (IW  1  and  EW  1).  Pre-  and 
postflushing  soil  core  data  were  compared  below  as  a  measure  of  the  remediation 
effectiveness  of  the  SPME  flood. 

Partitioning  tracers.  The  amount  and  spatial  distribution  of  residual  NAPL  present 
before  and  after  SPME  flushing  were  estimated  using  interwell  partitioning  tracer  tests 
conducted  with  methods  similar  to  those  described  by  Annable  et  al.  (1998).  For  both  the 
pre-  and  postflushing  tracer  tests,  steady-state  water  flow  of  approximately  1  PV/day  (3.6 
L/min)  was  established  in  the  cell  using  peristaltic  pumps  (Masterflex  L/S  drives,  Cole 
Parmer)  to  deliver  uniform  flow  distributed  equally  between  the  injection  and  extraction 
wells.  While  maintaining  steady  water  flow,  a  tracer  pulse  of  0. 1 6  PV  was  delivered  to  the 
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IWs,  with  methanol  (C0  =  2700  mg/L)  and  2,2-dimethyl-3-pentanol  (2,2-DMP;  C  0  =  930 
mg/L)  as  the  nonpartitioning  and  partitioning  tracers,  respectively.  Samples  collected  at  the 
EWs  and  MLSs  during  the  partitioning  tracer  tests  were  shipped  overnight  to  laboratories  at 
UF,  where  they  were  analyzed  using  a  Perkin-Elmer  AutoSystems  XL  GC  with  direct  liquid 
injection  of  luL  onto  a  0.53  mm  diameter,  30  m  long  DB624  capillary  column  (J&W 
Scientific)  with  flame  ionization  detection  (FID).  The  same  system  was  also  used  to  quantify 
NAPL  constituents  and  w-pentanol  during  SPME  flushing. 

In  order  to  accurately  characterize  the  BTC  tails,  where  much  of  the  measured 
retardation  is  often  found,  both  the  pre-  and  postflushing  tracer  tests  were  continued  until 
tracer  concentrations  at  the  EWs  were  below  the  detection  limits  (approximately  1  mg/L), 
and  tracer  BTC  tails  were  exponentially  extrapolated  (Jin,  1995).  The  preflushing 
partitioning  tracer  test  BTCs  for  methanol  and  2,2-DMP  measured  at  the  three  EWs  are 
presented  in  Figure  3-8.  For  illustrative  purposes,  the  distal  portions  of  the  EW  2  BTCs  are 
replotted  on  a  log  scale  on  the  secondary  v-axis.  The  delayed  arrival  of  2,2-DMP  in  all  three 
BTCs  indicates  the  presence  of  NAPL  within  the  swept  volume  of  each  EW. 

The  pulse-corrected  mean  arrival  times  (e.g.,  first  normalized  temporal  moments)  of 
the  tracer  BTCs  were  calculated,  through  numerical  integration,  in  terms  of  cumulative  flow. 
The  nonpartitioning  tracer  first  moments  were  therefore  representative  of  the  well  swept 
volumes.  The  NAPL  content  within  each  swept  volume  was  calculated  from  the  tracer  first 
moments  using  (2).  The  NAPL-water  partitioning  coefficient,  KN  =  10.7,  for  2,2-DMP  was 
measured  using  batch  equilibration  methods. 
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Figure  3-8.  Preflushing  partitioning  tracer  BTCs  measured  at  each  extraction  well.  The 
distal  portion  of  the  EW  2  BTCs  have  been  replotted  on  log  scale  on  the  secondary  >»-axis. 
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The  preflushing  swept  volumes  for  each  well  and  the  estimated  NAPL  content  within 
those  swept  volumes  are  presented  in  Table  3-2.  Note  that  the  swept  volumes  of  EW  1  and 
EW  3  were  approximately  equal,  and  both  were  larger  than  the  EW  2  swept  volume,  while 
the  EW  1  swept  volume  contained  the  most  NAPL.  Also,  the  EW  2  BTC  showed  higher 
peak  concentrations  and  less  spreading  than  those  measured  at  EWs  1  and  3.  These  effects 
are  indicative  of  the  geometry  of  the  test  cell,  wherein  the  EW  1  and  EW  3  swept  zones 
encompassed  a  broader  distribution  of  flow  path  lengths,  because  of  the  sheet-pile  wall 
corrugations,  than  did  the  center-line  swept  zone  of  EW  2. 

Microemulsion  Flushing 

Field  Methods 

The  microemulsion  flushing  field  experiment  consisted  of  pumping  9  PV  of  precursor 
solution  through  the  test  cell  over  a  period  of  1 8  days,  followed  by  1  PV  of  a  surfactant-only 
flood,  and  6.5  PV  of  water  flooding.  The  designed  duration  of  the  experiment  was  based 
upon  laboratory  column  studies  conducted  by  Rhue  et  al.  (1 999)  with  contaminated  soil  from 
Hill  AFB,  wherein  after  approximately  5  PV  of  SPME  flushing,  NAPL  constituents  were  no 
longer  being  eluted  from  the  soil.  This  value  was  increased  approximately  two-fold  to 
account  for  greater  hydrodynamic  dispersion  expected  as  a  consequence  of  field-scale 
heterogeneities. 

Approximately  54.3  kL  of  microemulsion  precursor  solution  were  mixed  on-site  and 
delivered  to  the  test  cell  using  the  fluid  mixing  and  delivery  system  shown  in  the  schematic 
diagram  of  Figure  3-9.  Injection  and  waste  tanks  were  located  remotely  from  the  cell,  within 
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Table  3-2.  Preflushing  NAPL  content  in  the  swept  volume  of  each  well,  as  determined  from 
partitioning  tracers. 


EW  1 

EW  2 

EW  3 

total 

Swept  volume  (kL) 

2.21 

1.62 

2.21 

6.04 

NAPL  saturation,  SN 

0.065 

0.068 

0.053 

0.061* 

"  NAPL  volume  (kL) 

0.153 

0.118 

0.125 

0.396 

° NAPL  volumes  determined  from  Vs*SN/(\-  SN),  where  Vs  is  the  swept  volume.  *  Volume- 
weighted  average  of  the  three  extraction  wells. 
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secondary  containment.  The  precursor  solution  was  mixed  in  three  batches  in  two  25  kL 
polyethylene  tanks  (Baker  Tanks,  Salt  Lake  City,  UT).  A  40  L/min  sump  pump  was  used 
for  continuous  circulation  within  the  tanks  during  initial  mixing  and  throughout  the  1 8  days 
of  microemulsion  flooding.  For  each  precursor  batch,  the  water  was  added  to  the  tank  first, 
then  Brij  97  (donated  by  ICI  Americas,  Inc.,  Wilmington,  DE)  was  slowly  (1  L/min) 
delivered  using  a  peristaltic  pump.  After  mixing  overnight,  H-pentanol  (purchased  from 
Union  Carbide,  Danbury,  CT)  was  added  in  the  same  manner  as  the  surfactant.  The  two  25 
kL  tanks  were  connected  through  valved  ports  at  the  tank  bases.  During  the  experiment, 
these  ports  were  periodically  opened  for  homogenization  of  the  injection  fluids  as  the  fluid 
level  decreased  in  the  tank  that  was  discharging  to  the  test  cell. 

Fluid  flow  rates  and  flow  perturbations.  Because  the  viscosity  of  the  precursor 
solution  was  measured  to  be  approximately  twice  that  of  water,  the  initial  fluid  flow  rate 
during  SPME  flushing  was  set  at  one-half  the  flow  rate  during  the  tracer  tests  (1.8  L/min,  or 
0.5  PV/day)  in  order  to  produce  a  hydraulic  gradient  equivalent  to  that  measured  during  the 
tracer  tests  (see  Equations  2-16  and  2-23).  A  slower  flow  rate  also  served  as  a  precaution 
against  potential  mass  transfer  constraints  on  NAPL  solubilization. 

The  importance  of  mass  transfer  rate  limitations  during  the  SPME  flood  was 
investigated  by  varying  the  SPME  residence  time.  The  original  flow  rate  was  doubled  after 
approximately  2  PV  (12.6  kL)  of  precursor  solution  had  been  flushed  through  the  test  cell, 
then  reduced  back  to  the  original  flow  rate  after  6.8  PV  (40.8  kL),  and  finally  doubled  again 
after  8.2  PV  (49.2  kL).  In  addition,  the  flow  was  interrupted  for  periods  of  24  h  at 
approximately  4  PV  (22.8  kL),  32  h  at  6  PV  (35.7  kL),  and  67  h  at  9  PV  (54.3  kL). 
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Sample  analyses.  Because  the  12  analytes  selected  as  indicators  for  comparison  of 
the  8  SERDP/AATDF  pilot  tests  were  not  the  most  prevalent  constituents  in  the  NAPL  found 
in  our  cell,  Rhue  et  al.  (1999)  selected  9  constituents  which:  (1)  produced  large  peaks  in  a 
GC-FID  chromatogram  of  NAPL  from  our  cell  which  had  been  dissolved  in  hexane  (Figure 
3-2),  and  (2)  were  representative  of  different  contaminant  types.  These  nine  constituents 
included  the  six  compounds  identified  in  Table  3-1,  and  1,2,4-trichlorobenzene  (TCB),  1,2- 
dichlorobenzene  (DCB),  and  naphthalene.  Fluid  samples  collected  during  the  flushing 
experiment  at  the  EWs  (540  samples)  and  the  MLSs  (6500  samples)  were  shipped  overnight 
to  UF  and  were  analyzed  by  GC-FID  for  these  nine  target  NAPL  constituents.  The 
extraction  well  data  for  TCB,  DCB,  and  naphthalene  are  not  presented  here  because 
chromatographic  peak  overlapping  led  to  unreliable  results. 

Waste  management  and  minimization.  The  extraction  fluid  waste  was  characterized 
as  either  low-level  or  high-level.  Fluids  extracted  from  the  test  cell  which  were 
representative  of  groundwater  contamination  at  the  site,  and  fluids  containing  low  levels  of 
injected  tracers,  were  characterized  as  low-level  waste.  Effluent  which  was  extracted  from 
the  cell  during  the  SPME  flushing  process  was  characterized  as  high-level  waste.  Both 
categories  of  waste  were  approved  for  discharge  to  the  industrial  wastewater  treatment  plant 
at  Hill  AFB.  However,  because  of  its  high  chemical  oxygen  demand,  the  high-level  waste 
discharge  was  metered  over  a  period  of  30  days. 
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Extraction  Well  Results 

SPME  hydrodynamic  considerations.  Analytical  interferences  with  NAPL 
constituents  precluded  analysis  of  effluent  samples  for  surfactant  concentrations.  Therefore, 
precursor  arrival  at  the  EWs  was  inferred  from  «-pentanol  arrival.  This  assumption  was 
based  on  laboratory  column  studies  (Rhue  et  al.,  1999),  using  soil  from  the  field  site,  that 
indicated  no  chromatographic  separation  of  surfactant  and  pentanol.  Also,  the  w-pentanol 
arrival  time  at  the  EWs  during  the  SPME  flood  was  equivalent  to  the  arrival  time  of  the 
nonpartitioning  tracer  (methanol)  during  the  postflushing  tracer  test,  indicating  no  significant 
retardation  of  the  M-pentanol.  Thus  the  precursor  injection  and  elution  profiles  are 
characterized  by  measured  w-pentanol  concentrations  (Figure  3-10). 

A  decreasing  trend  is  evident  in  the  n-pentanol  injection  profile  (averaged  over  all 
four  I  Ws)  in  Figure  3-10,  indicating  that  the  i?-pentanol  concentration  varied  among  the  three 
batches  of  precursor  solution  which  were  mixed  during  the  18  day  experiment.  This  trend 
is  evidenced  in  the  subsequent  /7-pentanol  BTCs  measured  at  the  EWs,  where  concentrations 
initially  reached  approximately  2.5%,  but  then  decreased  to  approximately  2.25%,  reflecting 
the  changing  injected  concentrations.  Of  perhaps  greater  significance  to  the  results  presented 
here,  though,  is  the  disparity  in  the  shapes  of  the  BTCs  between  EW  2  and  EWs  1  and  3.  As 
noted  with  the  tracer  BTCs,  the  «-pentanol  BTCs  from  EWs  1  and  3  were  very  similar,  while 
that  of  EW  2  was  steeper,  indicating  less  tailing  on  the  frontal  rise.  As  discussed  above,  the 
corrugations  of  the  sheet-pile  walls  contributed  to  a  broader  distribution  of  flow  path  lengths 
in  the  swept  volumes  of  the  two  outer  wells  (EW  1  and  EW  3)  than  in  the  swept  volume  of 
the  center-line  well  (EW  2),  leading  to  greater  tailing  in  the  BTCs  at  the  outer  wells. 


109 


Total  flow  (kL) 


o  EW1  ▲  EW  2  □  EW  3         — IW  Average 


Figure  3-10.  Precursor  injection  profile,  averaged  over  all  four  injection  wells,  and  elution 
profiles  for  the  three  extraction  wells,  all  determined  from  w-pentanol  analysis. 
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NAPL  microemulsification.  Breakthrough  curves  for  target  analytes  measured  at  the 
EWs  (Figure  3-11)  represent  NAPL  constituent  removal  over  the  entire  swept  volume  of  the 
fully-screened  wells.  Note  that  the  BTCs  in  Figure  3-1 1  are  plotted  in  terms  of  the  total  flow 
through  the  entire  test  cell  (total  flow),  while  all  other  BTCs  presented  here  are  plotted  as  the 
flow  through  an  individual  well  (local  flow).  For  each  target  constituent,  a  significant 
increase  was  observed  in  the  effluent  fluid  concentrations,  compared  to  the  pre-SPME  flood 
concentrations.  Overlain  on  the  first  of  the  target  analyte  BTCs  (w-decane)  is  the  /i-pentanol 
breakthrough  data  for  the  three  EWs.  The  increase  in  w-decane  concentration  is  shown  to  be 
coincident  with  the  arrival  of  the  precursor  solution;  a  similar  trend  was  observed  for  all 
analytes.  The  NAPL  constituent  BTCs  were  integrated  to  determine  the  total  mass  of  each 
contaminant  removed  from  the  swept  volume  of  each  of  the  EWs  (Table  3-3).  The  amount 
of  mass  removed  from  each  well  was  similar,  with  a  trend  of  greater  mass  removed  from  EW 
1  than  from  EWs  2  and  3,  as  was  expected  from  the  partitioning  tracer  results  which 
indicated  that  the  EW  1  swept  volume  contained  the  most  NAPL. 

For  all  analytes,  the  BTCs  measured  at  EW  2  showed  higher  peak  concentrations  and 
less  spreading  than  those  measured  at  EWs  1  and  3.  This  behavior  suggests  differences  in 
hydrodynamic  dispersion  among  these  flow  zones,  as  discussed  above  in  relation  to  the  the 
H-pentanol  and  preflushing,  nonpartitioning  tracer  BTCs. 

During  the  SPME  flood,  the  physical  appearance  of  the  fluids  extracted  from  the  test 
cell  followed  patterns  similar  to  those  evident  in  the  BTCs  of  Figure  3-11.  Both  the  resident 
groundwater  and  the  precursor  solution  were  clear  and  nearly  colorless,  but  as  the 
microemulsified  NAPL  started  to  break  through  at  the  extraction  wells,  a  light  brown  color 
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Table  3-3.  Mass  of  target  NAPL  constituents  removed  from  the  extraction  wells  during 
SPME  flushing. 


EW  1 

EW  2 

EW  3 

total 

(kg) 

(kg) 

(kg) 

(kg) 

/^-xylene 

0.104 

0.097 

0.100 

0.301 

1 ,2,4-trimethylbenzene 

0.370 

0.366 

0.387 

1.123 

«-decane 

0.408 

0.367 

0.346 

1.121 

/7-undecane 

1.130 

1.005 

0.982 

3.117 

«-dodecane 

0.492 

0.442 

0.414 

1.348 

w-tridecane 

0.257 

0.238 

0.203 

0.697 
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was  evident  in  the  effluent  samples.  This  trend  is  evident  in  Figure  3-12,  which  is  a 
photograph  of  effluent  samples  collected  throughout  the  SPME  flood.  As  the  concentration 
of  microemulsified  NAPL  increased,  the  extracted  fluids  became  darker,  reaching  a  dark 
brown  color  at  maximum  concentrations  and  gradually  lightening  in  color  as  concentrations 
decreased.  Even  the  darkest  extracted  fluids  remained  isotropically  clear,  with  no  sign  of 
macroemulsification;  in  none  of  the  fluids  extracted  from  the  test  cell  was  a  separate  phase, 
or  mobilized,  NAPL  observed. 

For  microemulsification,  wherein  droplets  of  NAPL  are  homogeneously  dispersed 
within  the  aqueous  phase,  the  relative  mole  fractions  of  the  NAPL  constituents  in  the 
microemulsion  should  be  the  same  as  those  in  the  NAPL  itself.  Petroleum  engineers  have 
reported  no  fractionation  (i.e.,  selective  solubilization)  in  the  microemulsification  of  oil 
mixtures  and  crude  oils  (Salager,  1979;  Puerto  and  Reed,  1983),  and  have  successfully 
modeled  the  microemulsification  of  these  multicomponent  oils  as  a  single 
"psuedocomponent"  (Vinatieri  and  Fleming,  1979).  Recently,  Shiau  et  al.  (1996)  reported 
no  selective  solubilization  in  the  microemulsification  of  a  ternary  mixture  of  chlorinated 
solvents.  Thus,  in  the  SPME  flood,  simultaneous  elution  of  all  NAPL  constituents  was 
expected.  Despite  the  broad  range  of  hydrophobicities  exhibited  by  the  Hill  AFB  NAPL 
constituents  (characterized  by  the  log  octanol-water  partitioning  coefficient,  Kow;  see  Table 
3-1),  they  were  all  eluted  from  the  test  cell  within  a  narrow  time  window.  This  behavior  is 
demonstrated  in  the  cumulative  production  curves  for  each  analyte,  which  have  been  scaled 
to  their  respective  calculated  zeroth  moments  (Figure  3-13).  While  the  constituents  were 
all  eluted  nearly  concurrently,  a  trend,  that  was  consistent  for  each  EW,  was  evident  in  the 
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□  n-undecane  a  n-undecane  v  n-tridecane 


Figure  3-13.  Cumulative  production  curves  for  the  target  NAPL  constituents,  each  scaled 
to  its  respective  calculated  zeroth  moment.  First  normalized  moments  are  inset. 
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first  normalized  moments  of  the  BTCs  (inset  in  Figure  3-13).  Generally  the  least 
hydrophobic  constituents  were  eluted  before  the  most  hydrophobic  (e.g.,  /^-xylene  was 
removed  first  and  w-dodecane  and  w-tridecane  were  removed  last),  and  this  type  of  trend 
usually  suggests  selective  dissolution.  However,  the  trend  in  elution  order  did  not  strictly 
follow  inverse-hydrophobicity  order,  as  would  be  expected  if  selective  dissolution  was  the 
governing  process.  This  behavior  was  also  investigated  through  an  examination  of  the 
NAPL  constituent  BTCs  measured  at  the  MLSs  (see  below),  with  the  results  indicating  that 
the  trend  in  elution  order  may  have  been  more  closely  related  to  the  spatial  distribution  of 
the  NAPL  composition  than  to  microemlusification  dynamics. 

Rate-limited  microemulsification.  Under  rate-limited  conditions,  as  the  flushing  fluid 
residence  time  is  increased,  through  either  reduced  flow  rates  or  flow  interruption, 
solubilization  is  increased  due  to  greater  contact  time  between  the  NAPL  and  the  solubilizing 
agent  (Pennell  et  al.,  1993).  Of  the  many  flow  rate  changes  and  interruption  periods  that 
were  initiated  during  SPME  flushing,  noticeable  changes  in  target  NAPL  constituent 
concentrations  were  observed  only  at  one  extraction  well  (EW  1)  and  only  after  the  67  h 
interrupt  at  54.3  kL  (Figure  3-11).  This  result  suggests  either  equilibrium  conditions  or  that 
rate-limited  mass  transfer  processes  were  too  slow  to  be  evidenced  during  the  time  scale 
measured. 

Elution  of  precursor  solution.  After  9  PV,  the  injection  fluid  was  switched  from  the 
SPME  precursor  solution  to  a  3%  solution  of  surfactant  only.  One  PV  of  the  surfactant 
solution  was  injected  to  facilitate  the  removal  of  w-pentanol  from  the  test  cell;  this  was 
followed  by  6.5  PV  of  water  flooding.  After  water  flooding,  the  n-pentanol  concentrations 
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at  EW  2  had  been  reduced  to  0.5%  of  C0,  while  concentrations  were  2%  of  C0  at  EW  1  and 
1%  of  C0  at  EW  3.  Following  the  postflushing  partitioning  tracer  test,  during  which  an 
additional  10  PV  of  water  were  flushed  through  the  cell,  rt-pentanol  concentrations  in  all 
three  extraction  wells  were  below  1  mg/L. 

Multilevel  Sampler  Results 

The  relative  sparseness  of  the  MLS  networks  in  the  test  cell  necessarily  resulted  in 
incomplete  sampling  of  the  aquifer  heterogeneity.  However,  examination  of  the  MLS  data 
allowed  the  characterization  of  the  SPME  flood  on  a  smaller  scale  than  was  possible  with  the 
EW  data.  The  MLS  data  were  synthesized  for  interpretation  in  two  ways:  (1)  data  from  all 
the  MLSs  within  each  of  five  control  planes  (CPs)  normal  to  the  mean  flow  direction  were 
averaged  to  provide  information  about  tracer  travel  times  and  NAPL  dissolution  as  a  function 
of  distance  along  the  mean  flow  direction,  and  (2)  data  from  the  MLSs  located  at  the  EWs 
were  compared  to  the  integrated  EW  data  to  provide  information  about  tracer  travel  times 
and  NAPL  dissolution  as  a  function  of  depth.  Results  from  the  former  method  were 
compared  to  similar  values  calculated  from  the  1 995  UF/EPA  cosolvent  flushing  experiment 
at  Hill  AFB  (Rao  et  aL,  1 997;  Sillan  et  al.,  1 998).  The  latter  method  could  not  be  applied  to 
the  cosolvent  flushing  data  because  there  were  no  MLSs  installed  at  the  EWs  in  the  cosolvent 
test  cell.  The  following  MLS  data  (not  shown)  from  both  the  SPME  and  cosolvent  flushing 
studies  were  used  for  these  analyses:  pre-  and  postflushing  nonpartitioning  and  partitioning 
tracer  first  moments,  and  the  zeroth  and  first  moments  of  NAPL  constituent  BTCs  measured 
during  flushing. 
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Control  plane  approach.  The  network  of  MLSs  in  the  SPME  test  cell  can  be  viewed 
as  a  series  of  control  planes  evenly  spaced  between  the  injection  and  extraction  wells  (Figure 
3-5).  If  the  nonpartitioning  tracer  local  arrival  times  are  assumed  to  be  inversely  proportional 
to  the  local  fluxes,  as  suggested  by  Equations  2-30  and  2-31,  then  the  flux-averaged  tracer 
mean  arrival  time  at  a  CP  can  be  estimated  from  the  harmonic  mean,  /  „,  of  the  tracer  mean 
arrival  times  at  the  individual  sampling  points: 


(3-1) 


where  n  is  the  number  of  sampling  locations  within  the  control  plane,  and  t*  represents  the 
nonpartitioning  tracer  pulse-corrected,  first  normalized  moment  at  sampling  point  i.  In  both 
the  SPME  and  cosolvent  test  cells,  the  samplers  located  at  or  near  the  upper  and  lower  flow 
boundaries  (i.e.,  the  water  table  and  the  clay  layer  formed  the  upper  and  lower  boundaries, 
respectively)  were  generally  less  reliable  than  the  samplers  located  within  the  main  flow 
zone.  The  data  from  these  sampling  locations  were  relatively  sparse  and  were  therefore  not 
included  in  the  CP  analysis.  Thus,  with  3  MLSs  per  CP  and  an  average  of  4  functioning 
sampling  points  per  MLS,  there  were  approximately  12  total  sampling  points  per  CP  in  each 
test  cell. 

For  the  SPME  study,  preflushing  nonpartitioning  tracer  BTCs  were  measured  at  the 
5.5  m,  6.1  m,  6.7  m,  and  7.3  m  bgs  sampling  locations  at  each  CP.  The  harmonic  means  of 
the  tracer  arrival  times  at  each  CP  are  presented  in  Figure  3- 14a  along  with  a  linear 
interpolation  of  tracer  arrival  time  along  the  length  of  the  test  cell  that  was  based  on  the  flux- 
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Fig.  3-14.  Harmonic  means  of  nonreactive  tracer  travel  times  at  the  MLSs  in  each  control 
plane  compared  to  a  linear  interpolation  based  on  the  mean  arrival  times  of  the  tracer  at  the 
EWs  in  the  SPME  and  cosolvent  test  cells. 
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averaged  tracer  mean  arrival  time  measured  at  the  EWs.  A  similar  plot  constructed  using 
preflushing  nonpartitioning  tracer  data  from  the  cosolvent  flushing  experiment  is  presented 
in  Figure  3- 14b  (calculated  using  nonpartitioning  tracer  mean  arrival  times  at  the  4.57  m, 
4.95  m,  5.33  m,  and  5.72  m  bgs  sampling  locations).  The  flux-averaged  tracer  mean  arrival 
time  at  the  EWs  was  approximately  1 .2  d  in  each  cell,  however,  the  swept  volumes  of  the 
EWs,  representative  of  the  entire  test  cell,  included  volumes  behind  the  EWs  that  were  not 
within  the  swept  volumes  of  the  MLSs.  Therefore,  for  this  analysis  the  mean  arrival  times 
at  the  EWs  were  corrected  to  account  for  the  extra  volumes  behind  the  EWs.  Scale  factors 
of  0.95  and  0.92  were  derived  from  the  geometries  of  the  SPME  and  cosolvent  cells, 
respectively,  resulting  in  mean  arrival  times  of  1 .06  d  and  1 .09  d  in  the  SPME  and  cosolvent 
cells,  respectively. 

In  both  test  cells,  the  trend  of  increasing  tracer  mean  arrival  time  with  travel  distance 
was  consistent  with  the  linear  assumption  based  on  the  EW  tracer  mean  arrival  times.  This 
indicates  that  the  average  flow  velocity  within  both  test  cells  was  relatively  homogeneous 
with  distance,  and  that  the  MLS  data  compared  favorably  with  the  EW  data.  The  largest 
deviation  of  the  MLS  data  from  the  EW-based  interpolation  occured  at  CP5  (i  =  4m)  in  the 
SPME  cell.  The  MLSs  at  this  CP  were  attached  directly  to  the  EWs  prior  to  installation. 
Individual  samplers  may  have  become  turned  around  during  installation  such  that  the 
sampler  was  located  behind  the  EW  (i.e.,  not  in-line  with  the  IWs),  contributing  to  the 
relatively  long  average  travel  time  at  CP5. 

The  BTCs  measured  at  the  MLSs  during  flushing  were  integrated  to  determine  the 
mass  of  each  NAPL  constituent  removed  from  within  the  swept  volume  of  each  sampling 
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location.  However,  while  flux-averaged  EW  BTCs  could  be  directly  integrated  to  obtain  the 
NAPL  constituent  masses,  the  local  fluxes,  q„  at  the  individual  multilevel  sampling  locations 
were  unknown  and  had  to  be  estimated.  Local  flux  estimates  were  obtained  based  on  the  law 
of  mass  conservation,  which  requires  the  total  fluid  flux,  Q,  through  each  test  cell  to  have 
been  constant  at  all  planes  normal  to  the  flow  direction,  and  the  assumption  that  all  the 
samplers  within  each  control  plane  represented  equal  areas.  Also,  the  ratio  of  the  harmonic 
mean  tracer  arrival  time  at  a  CP  and  the  tracer  arrival  time  at  the  individual  sampling  point 
was  assumed  to  be  inversely  related  to  the  ratio  of  the  average  flux  at  the  multilevel  sampling 
locations,  Qlx\,  and  the  local  flux,  resulting  in  the  following  expression  for  the  local  fluid 
flux: 

Q  fH 

<1,  =  -  —  (3-2) 
n  t; 

Local  estimates  of  NAPL  constituent  mass  removal  were  made  by  multiplying  the 
local  fluxes  by  the  zeroth  moments  of  the  target  NAPL  constituent  BTCs  measured  at  the 
MLSs.  However,  in  order  to  account  for  the  the  flow  rate  changes  during  the  SPME  study, 
the  temporal  moments  at  each  sampling  location  were  calculated  in  terms  of  scaled  time. 
Because  the  local  flux  estimates  were  based  on  the  tracer  test  flow  rate  (3.6  L/min),  the  ratio 
of  the  SPME  flow  rate  and  this  flow  rate  was  used  as  a  scaling  factor.  For  example,  the 
duration  of  the  period  over  which  the  SPME  flood  flow  rate  was  1 .8  L/min  was  halved  when 
calculating  temporal  moments  in  order  to  account  for  the  3.6  L/min  basis  of  the  local  flux 
estimates. 


122 

The  total  mass  removed  between  the  injection  wells  and  a  given  CP  was  then 
represented  by  the  sum  of  the  local  removal  estimates  at  each  sampling  point  within  the  CP. 
For  both  the  SPME  and  cosolvent  studies,  the  total  mass  removed  at  each  CP  was  scaled  to 
the  total  mass  removed  through  each  test  cell,  as  determined  from  EW  BTCs  (see  Table  3-2 
for  the  SPME  study  and  Rao  et  al.  (1997)  for  the  cosolvent  study),  and  compared  to  a  linear 
interpolation  along  the  length  of  each  test  cell  based  on  the  EW  total  (Figure  3-15).  For  this 
analysis,  the  EW-based  mass  removal  totals  were  again  scaled  to  account  for  the  volume 
behind  the  wells,  as  described  above.  For  the  cosolvent  study,  data  are  presented  for  1,2- 
dichlorobenzene  (DCB)  and  H-undecane,  the  two  most  prevalent  constituents.  In  the 
cosolvent  cell  the  trend  of  increasing  total  mass  removal  with  distance  agreed  well  with  the 
linear  interpolation  estimate  based  on  the  EW  total,  indicating  that  mass  removal  was 
relatively  homogeneous  along  the  flow  path.  Similar  agreement  was  observed  in  the  SPME 
cell,  with  the  exception  of  CP2  where  the  data  indicated  the  implausible  result  of  greater  mass 
removal  than  at  CP3.  While  the  partitioning  tracer  test  results  do  indicate  a  proportionately 
large  NAPL  volume  between  CP,  and  CP2  (see  below),  the  excessive  total  removal  predicted 
at  CP2  is  likely  due  to  an  over-prediction  of  the  local  fluxes  at  this  CP. 

The  general  agreement  between  the  CP  data  and  the  EW  interpolations  in  Figures  3- 
1 4  and  3-15  indicates  that  the  transport  and  dissolution  processes  were  approximately  linear 
in  the  SPME  and  cosolvent  cells.  However,  these  data  also  indicate  that  while  improved 
descriptions  likely  would  have  been  obtained  with  more  sampling  locations,  the  sampler 
network  density  at  the  Hill  AFB  test  sites  appears  to  have  been  sufficient  to  adequately 
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Figure  3-15.  MLS-based  estimates  of  total  removal  of  select  NAPL  constituents  at  each 
control  plane,  scaled  to  the  EW-based  measure  of  total  mass  removed  and  compared  to  a 
linear  interpolation  of  the  EW  value  for  the  (a)  SPME  and  (b)  cosolvent  studies. 
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describe  tracer  travel  time  and  NAPL  dissolution  behavior  as  a  function  of  distance  in  the 
direction  of  flow. 

Extraction  well  MLSs.  The  swept  volume  of  each  EW  encompassed  the  entire  length 
of  the  cell,  approximately  one-third  of  the  width,  and  the  entire  vertical  depth,  as  the  wells 
were  fully  screened  from  4.9  to  7.9  m  bgs.  Thus,  BTCs  measured  at  each  EW  are 
representative  of  NAPL  dissolution  over  approximately  one-third  of  the  cell  volume.  During 
the  SPME  study,  samples  were  collected  from  five  depths  (5.5  m,  6.1  m,  6.7  m,  7.3,  and  7.9 
m  bgs)  at  all  three  of  the  MLSs  that  were  attached  directly  to  the  EWs.  Therefore,  BTCs 
measured  at  the  MLSs  attached  to  the  EWs  are  representative  of  NAPL  dissolution  over  a 
volume  of  approximately  one-fifth  of  those  measured  at  the  EWs. 

The  local  flux  at  each  sampling  location  was  estimated  in  a  manner  analogous  to  that 
described  above.  While  the  total  flow  rate  through  all  planes  normal  to  the  mean  flow 
direction  was  known  to  be  equal,  the  local  flow  rate  was  known  only  at  the  well  locations. 
Thus,  because  the  CP5  MLSs  were  attached  to  the  EWs,  the  flow  rate  was  known  on  a 
smaller  scale  than  for  the  other  CPs.  Therefore,  instead  of  using  the  total  flow  rate  through 
the  test  cell  (3.6  L/min)  in  (3-2)  to  estimate  the  local  fluxes,  the  flow  rate  through  each  EW 
(1.2  L/min)  was  used  as  Q.  Also,  tH  was  determined  from  the  tracer  arrival  times  at  the  5 
samplers  at  each  EW  instead  of  using  the  arrival  times  at  all  1 5  samplers  in  the  control  plane. 

The  local  flux  estimates  were  used  to  integrate  the  constituent  BTCs  measured  at 
each  MLS  located  at  the  EWs.  The  constituent  masses  determined  from  this  analysis  were 
summed  for  all  five  depths  at  each  MLS  and  compared  to  the  total  mass  removed  from  the 
respective  EW  (Table  3-4).  Again,  the  EW-based  values  were  scaled  to  account  for  the 
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volume  behind  the  wells,  as  described  above.  In  addition,  the  mass  removed  of  each 
constituent  was  summed  from  all  of  the  samplers  within  the  CP  and  compared  to  the  sum  of 
the  EW  mass  removals.  These  values  are  compared  in  Table  3-4  to  similar  values  computed 
using  the  CP  approach  described  above.  Both  MLS  data  synthesis  methods  compared 
favorably  with  the  EW  data. 

Analysis  of  the  data  from  the  MLSs  located  at  the  EWs  also  allows  a  comparison  of 
the  relative  mass  removal  with  depth  for  each  NAPL  constituent  (Figure  3-16).  The 
composite  total  of  all  1 5  sampling  locations  at  the  EWs  shows  that  the  most  mass  was 
removed  from  the  samplers  located  6.7  m  bgs,  indicating  that  the  NAPL  saturation  at  this 
depth  was  higher  than  at  the  other  depths,  which  is  consistent  with  the  preflushing  soil  core 
data  (Figure  3-7).  Also  note  that  at  EW  1  the  MLS  data  indicates  that  the  NAPL  saturation 
was  highest  at  6.7  m  bgs,  but  at  EW  3  the  NAPL  saturation  appears  to  have  been  highest  at 
7.3  m  bgs,  while  at  EW  2  the  highest  NAPL  saturation  appears  to  have  been  between  these 
depths.  These  results  are  also  consistent  with  the  soil  core  data  (Figure  3-7)  which  showed 
that  the  center  of  mass  for  the  target  analytes  was  slightly  deeper  on  the  east  side  of  the  cell 
(IW  1  and  EW  1)  than  on  the  west  side  of  the  cell  (IW  4  and  EW  3). 

Also  evident  from  Figure  3-16  are  spatial  trends  in  the  elution  of  the  NAPL 
constituents.  At  all  depths,  «-undecane,  H-dodecane,  and  w-tridecane  were  removed  in  nearly 
constant  proportions.  Conversely,  at  all  three  E  Ws,/?-xylene,  /7-decane,  and  1 ,2,4-TMB  were 
removed  in  proportionately  greater  amounts  from  the  swept  volume  represented  by  the  7.3 
m  bgs  sampler  than  were  the  other  three  constituents  of  interest.  Finally,  at  EW  2  a 
disproportionately  large  mass  of  1,2,4-TMB  was  removed  from  the  7.9  m  bgs  sampler. 
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Table  3-4.  Mass  of  each  NAPL  constituent  eluted  from  the  MLSs  at  the  EWs;  scaled  to  the 
mass  removed  through  the  EWs. 


NAPL 
Constituent 

bw  1 

EW  2 

E  W  3 

Total 

Total  -  CP 

/^-xylene 

1.02 

0.83 

0.74 

0.87 

0.84 

1,2,4-TMB 

1.28 

1.58 

0.68 

1.17 

1.00 

H-decane 

1.09 

0.91 

0.82 

0.95 

0.96 

w-undecane 

1.01 

0.83 

0.79 

0.88 

0.91 

n-dodecane 

1.39 

1.12 

1.11 

1.22 

1.29 

H-tridecane 

1.32 

0.93 

1.03 

1.10 

1.15 

Note  that  the  mass  removed  from  the  EWs  was  determined  by  adjusting  the  values  in  Table 
3-2  to  account  for  the  volume  behind  the  EWs  (scale  factor  of  0.92). 
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Inspection  of  the  local  flux  estimates  for  the  MLSs  at  the  EWs  (Table  C-2)  reveals  that  the 
zone  represented  by  the  7.3  m  bgs  samplers  was  estimated  to  have  the  highest  local  fluid  flux 
(0.34  L/min,  determined  from  an  arithmetic  average  of  the  fluxes  at  the  samplers  at  the  three 
EWs),  while  the  zone  represented  by  the  7.9  m  bgs  was  estimated  to  have  the  lowest  local 
flux  (0. 1 5  L/min).  Thus,  the  early  elution  of p-xylene  and  «-undecane,  and  the  relatively  late 
arrival  of  1,2,4-TMB,  that  were  observed  at  the  EWs  (Figure  3-11)  may  have  been  a  result 
of  the  spatial  distribution  of  the  NAPL  composition  within  the  test  cell,  rather  than  of 
selective  dissolution  by  the  microemulsion  precursor  solution. 

Rate-limited  microemulsification.  While  the  NAPL  constituent  BTCs  measured  at 
the  EWs  showed  little  response  to  the  flow  rate  perturbations  that  were  designed  to  reveal 
evidence  of  rate-limited  microemulsification,  BTCs  measured  at  many  of  the  MLS  locations 
did  show  elevated  concentrations  following  periods  of  quiescence.  Complete  BTCs  were 
measured  at  65  of  the  96  sampling  ports,  of  which  4  exhibited  too  much  scatter  to  make  any 
determinations  regarding  rate  limitations,  and  in  an  additional  20  of  the  BTCs  virtually  all 
of  the  constituent  mass  had  been  removed  before  the  32  h  interrupt  at  9.7  d.  Of  the 
remaining  41  BTCs  for  which  judgements  regarding  rate-limitations  could  be  made,  20 
showed  no  effect  following  any  of  the  flow  interruption  periods  and  21  showed  elevated 
concentrations  following  at  least  one  interrupt.  Examples  of  BTCs  where  most  of  the  mass 
was  removed  prior  to  the  interruption  periods  are  presented  in  Figure  3-17  and  BTCs 
showing  no  effects  of  rate-limitations  are  presented  in  Figure  3-18.  The  BTCs  presented  are 
for  the  three  constituents  that  were  removed  from  the  EWs  in  the  greatest  quantities  («- 
undecane,  w-dodecane,  and  1,2,4-TMB;  see  Table  3-4).  Note  that  the  flow  interruption 
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400 


Flow  time,  d 


-m-  1 ,2,4-TMB      n-decane  n-undecane 

Figure  3-17.  Examples  of  BTCs  measured  at  MLS  locations  where  most  of  the  NAPL 
constituent  mass  had  been  removed  prior  to  the  flow  interruption  periods  (initiated  at  /  =  7  0 
d,  9.7  d,  and  15.0  d). 
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-m-  1 ,2,4-TMB      n-decane  n-undecane 

Figure  3-18.  Examples  of  BTCs  measured  at  MLS  locations  where  no  effects  of  rate- 
limitations  were  observed  following  flow  interruption  periods  at  /  =  7.0  d,  9.7  d,  and  15.0  d. 
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periods  initiated  at  4  PV,  6  PV,  and  9  PV  corresponded  to  times  of  7.0  d,  9.7  d,  and  15.0  d, 
respectively,  and  that  at  none  of  those  times  was  an  increase  in  concentration  evident  in  the 
BTCs  of  Figure  3-18.  However,  at  the  samplers  located  5.5  m  bgs  at  MLSs  22  and  23, 
increased  solubilization  was  evident  following  all  three  flow  interruption  periods  (Figure  3- 
19).  Examples  of  BTCs  measured  at  locations  where  substantially  increased  solubilization 
was  evident  following  only  one  of  the  flow  interrupts  are  presented  in  Figure  3-20.  The 
complete  set  of  MLS  BTCs  can  be  found  in  Jawitz  et  al.  (1997a). 

Local  flux  estimates  were  also  available  at  36  of  the  41  sampling  locations  where 
rate-limitations  could  be  investigated.  For  the  MLSs  located  at  the  EWs,  local  fluxes  were 
calculated  based  on  the  flow  rate  through  each  well,  whereas  all  other  MLS  fluxes  were 
calculated  using  the  control  plane  approach.  These  36  locations  are  listed,  in  order  of 
descending  flux,  in  Table  3-5,  and  are  categorized  as  to  whether  or  not  the  constituent  BTCs 
showed  evidence  of  rate-limitations.  The  average  rank  order  was  12.4  for  the  locations 
showing  rate-limitations  was  22.4  for  the  locations  showing  no  evidence  of  rate-limitations. 
Thus,  not  only  do  the  MLS  data  suggest  evidence  of  mass-transfer  limitations  in  the  SPME 
flood,  but  a  correlation  between  high  local  fluxes  and  mass-transfer  limitations  was  found. 

NAPL  Removal  Effectiveness 

Meausres  of  Performance  Effectiveness 

Rao  et  al.  (1997)  used  extraction  well  mass  balances,  and  pre-  and  postflushing  data 
from  groundwater  samples,  soil  cores,  and  partitioning  tracer  tests  to  characterize  the  NAPL 
removal  effectiveness,  eN,  of  the  UF/EPA  cosolvent  flushing  experiment.  The  NAPL 
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Flow  time,  d 


■  1,2,4-TMB  •  n-decane     ▼  n-undecane 


Flow  time,  d 


-m-  n-decane     •  n-undecane  ▼  n-dodecane 
Figure  3-19.  Breakthrough  curves  measured  at  MLS  locations  where  increased  solubilization 
was  evident  following  all  three  flow  interruption  periods  (/  =  7.0  d,  9.7  d,  and  15.0  d, 
indicated  with  arrows). 
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6     1  i 
Flow  time,  d 


Flow  time,  d 


■  n-decane    -•-  n-undecane  n-dodecane 

Figure  3-20.  Examples  of  BTCs  measured  at  MLS  locations  where  substantially  increased 
solubilization  was  evident  following  only  one  of  the  flow  interrupts  (7 = 7.0  d,  9.7  d,  and  1 5.0 
d,  indicated  with  arrows). 
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Table  3-5.  Correlation  between  local  flux  and  rate-limited  microemulsification. 


Rank 


MLS 

Depth  bgs  (m) 

Local  flux  (L/min) 

Rate-limited 

No  effect 

22 

5.5 

0.587 

1 

33 

7.3 

0.570 

2 

13 

6.1 

0.516 

3 

31 

6.1 

0.499 

4 

34 

6.1 

0.473 

5 

51 

6.7 

0.457 

6 

34 

7.3 

0.446 

7 

14 

6.1 

0.392 

8 

31 

6.7 

0.377 

9 

23 

5.5 

0.365 

10 

24 

6.1 

0.349 

11 

24 

6.7 

0.339 

12 

34 

5.5 

0.299 

13 

12 

5.5 

0.293 

14 

22 

7.3 

0.280 

15 

52 

6.7 

0.262 

16 

52 

7.3 

0.255 

17 

52 

7.9 

0.247 

18 

23 

6.7 

0.241 

19 

12 

6.1 

0.239 

20 

51 

7.3 

0.234 

21 

11 

5.5 

0.212 

22 

33 

5.5 

0.211 

23 

22 

6.1 

0.200 

24 

22 

6.7 

0.187 

25 

32 

6.1 

0.186 

26 

14 

6.7 

0.183 

27 

13 

5.5 

0.182 

28 

23 

6.1 

0.182 

29 

33 

6.1 

0.154 

30 

14 

5.5 

0.109 

31 

51 

7.9 

0.106 

32 

53 

7.9 

0.103 

33 

11 

6.1 

0.083 

34 

21 

6.1 

0.065 

35 

24 

5.5 

0.060 

36 

Average  Rank 

12.7 

22.7 

135 

removal  effectiveness  of  the  SPME  flood  was  determined  from  partitioning  tracer  tests  and 
soil  cores  using  the  following  relation: 

C  -C 

^pre/lushing     * postflushmg 
^preflushing 

where  £  was  replaced  by  SN  for  the  partitioning  tracer  tests  and  X  ,  the  cell-average  soil 

c 

concentration  of  NAPL  constituent  c,  for  the  soil  core  analyses.  In  addition,  NAPL 
constituent  BTCs  were  integrated  to  determine  the  total  mass  of  each  contaminant  removed 
during  SPME  flushing.  These  values  were  compared  to  estimates  of  the  initial  amount  of 
NAPL  present  as  determined  from  both  partitioning  tracer  tests  and  soil  cores. 

Groundwater  samples  were  collected  from  84  MLSs  both  before  and  after  SPME 
flushing  and  were  analyzed  for  all  12  analytes  monitored  in  the  soil  samples,  except  for  the 
very  slightly  soluble  «-decane  and  «-undecane,  using  headspace  GC  techniques.  However, 
all  but  seven  of  the  groundwater  samples  resulted  in  non-detects,  most  likely  because  these 
constituents  were  present  in  our  cell  in  only  very  small  quantities  (Table  3-2).  Therefore, 
data  from  the  groundwater  samples  were  not  used  to  evaluate  the  effectiveness  of  the  SPME 
flood. 

Soil  Cores 

Soil  concentration  profiles  of  several  target  NAPL  constituents,  measured  both  before 
and  after  SPME  flushing,  are  presented  in  Figure  3-21 .  The  NAPL  smear  zone  is  evident  in 
the  pre-flushing  data,  wherein  the  maximum  contaminant  concentrations  are  centered  around 
the  approximate  position  of  the  regional  water  table  (7  m  bgs,  or  1  m  above  the  clay 
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confining  unit).  A  visual  comparison  of  the  pre-  and  post-flushing  data  indicates  a  dramatic 
reduction  in  the  target  analyte  concentrations. 

Arithmetic  average  concentrations  of  the  target  constituents  are  presented  in  Table 
3-6  for  soil  samples  collected  within  the  flushed  zone  both  before  and  after  SPME  flushing. 
Data  for  those  constituents  with  pre-flushing  average  concentrations  of  less  than  0. 1  mg/Kg 
are  not  presented  here.  Note  that  the  concentrations  were  significantly  higher  for  n- 
undecane,  w-decane,  and  1 ,3,5-trimethylbenzene  (1 ,3,5-TMB)  than  for  the  other  components. 
The  results  for  these  more  prevalent  constituents  are  considered  to  be  more  reliable  than 
those  of  the  other  constituents  present  only  in  very  small  amounts. 

Values  for  NAPL  removal  effectiveness  were  determined,  using  (3-3),  from  the 
fraction  reduction  in  average  soil  concentration  of  the  target  NAPL  constituents  (Table  3-6). 
For  the  NAPL  constituents  with  substantial  initial  amounts  (i.e.,  pre-flushing  average  soil 
concentrations  of  >  1  mg/Kg),  NAPL  removal  effectiveness  values  were  greater  than  90%. 

Partitioning  Tracer  Tests 

Partitioning  tracer  BTCs  measured  at  both  the  EWs  and  MLSs  were  used  to  evaluate 
EN  for  the  SPME  flood.  A  comparison  of  the  MLS-measured  EN  values  with  the  EW  values 
is  complicated  by  the  fact  that  each  MLS  value  is  representative  of  the  zone  swept  by  the 
tracers  between  the  injection  wells  and  the  sampling  point.  Thus,  obtaining  truly  local 
estimates  has  required  either  the  differencing  of  measurements  made  at  successive  sampling 
points,  under  the  assumption  that  the  flow  paths  between  sampling  points  were  strictly  linear 
(Helms,  1997;  Sillan  et  al.,  1998),  or  the  use  of  stochastic  inverse  modeling  techniques 


138 


Table  3-6.  Pre-  and  postflushing  average  soil  concentrations  of  target  NAPL  constituents. 


Average  soil  concentration 
(mg/kg)a 


NAPL  constituent 

Preflushingb 

Postflushing0 

Fraction  Reduction*1 

n-undecane 

61.2  ±51.6 

2.51  ±5.87 

0.96  ±0.10 

n-decane 

24.9  ±21.2 

1.10  ±  2.71 

0.96  ±0.12 

1 ,3,5-trimethylbenzene 

2.90  ±  2.49 

0.25  ±  0.89 

0.92  ±0.31 

naphthalene 

0.91  ±  1.23 

0.11  ±0.27 

0.88  ±0.34 

1 ,2-dichlorobenzene 

0.74  ±  1.99 

0.03  ±  0.08 

0.96  ±0.16 

o-xylene 

0.18  ±  0.31 

0.06  ±  0.09 

0.65  ±  0.79 

m-xylene 

0.12  ±0.15 

0.02  ±  0.04 

0.87  ±0.39 

a  Values  are  arithmetic  averages  with  standard  deviation,  where  standard  deviation  represents 
the  spatial  variability.  b  Of  the  83  samples,  n  =  59  were  from  within  the  swept  zone. c  n  =  36. 
d  Fraction  reduction  determined  from  (Ci  -  CJ)/Ch  where  C,  is  the  pre-flushing  average 
concentration  and  Cf  is  the  post-flushing  average  concentration.  Standard  deviation  of 
fraction  reduction  determined  by  propagating  pre-  and  post-flushing  standard  deviations, 
STD,  and  STDfi  respectively,  using  [(CjSTDJC?)2  +  (STD/C,)2]Y'- 
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(James  et  al.  1997).  Here,  the  control  plane  approach  was  again  implemented  to  synthesize 
the  MLS  data  for  comparison  with  the  EW  data.  Results  from  the  application  of  the  control 
plane  approach  to  the  partitioning  tracer  data  from  the  1995  UF/EPA  cosolvent  flushing 
experiment  at  Hill  AFB  (Rao  et  al.,  1997;  Sillan  et  al.,  1998)  are  presented  here  as  well. 

Extraction  well  data.  A  comparison  of  the  postflushing  tracer  BTCs  (Figure  3-22), 
with  the  preflushing  data  (Figure  3-8),  reveals  substantially  less  retardation  of  2,2-DMP  in 
the  postflushing  test  for  all  three  EWs.  Note  that  the  distal  portions  of  the  BTCs  were  again 
plotted  on  a  log  scale  on  the  secondary  y-axis.  The  postflushing  swept  volumes  and  the 
estimated  NAPL  content  within  them  are  presented  in  Table  3-7,  along  with  the  NAPL 
removal  effectiveness,  determined  from  the  fraction  reduction  in  SV (Equation  3-3).  The  cell- 
average  reduction  in  SN  was  72%. 

Multilevel  sampler  data.  Because  the  swept  volume  of  each  sampling  point  within 
a  given  CP  was  assumed  to  be  equal,  the  arithmetic  average  of  the  pre-  and  postflushing  SN 
values  measured  at  each  sampling  point  within  the  CP,  §N ,  was  assumed  to  represent  the 
average  NAPL  saturation  within  the  zone  between  the  I  Ws  and  the  CP.  The  volume  between 
each  CP  was  equivalent  to  approximately  20%  of  the  total  volume  of  each  test  cell. 
Therefore,  SN_CP,  the  contribution  of  the  volume  between  CP;.,  and  CP;  to  the  cell-average 
NAPL  saturation,  was  determined  as  follows  for  both  the  pre  and  pre-  and  postflushing 
conditions: 
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(0.2/5^-0.2(1-1)5^ 


(3-4) 


0.25 


02 


0.15 


y 

u 


0.1 


0.05 


A 


EW  1  -  Post-flushing 
Sn  =  0.021 


5 

PV 


10 


140 


0.25 


02 


0.15 


0.1 


0.05 


CP 

□ 


EW  2  -  Post-Hushing 
Sn  =  0.015 


5 

PV 


A  A  ^ 


0.1 


0.01  U 

u 


0.001 


0.0001 


10 


0.25 


0.2 


0.15 


o 
u 

u 


0.1 


0.05 


1_1 


J 


EW  3  -  Post-flushing 
Sn  =  0.016 


5 

PV 


10 


a  Methanol  a  2,2-DMP 


Figure  3-22.  Postflushing  partitioning  tracer  BTCs  measured  at  each  extraction  well.  The 
distal  portion  of  the  EW  2  BTCs  have  been  replotted  on  log  scale  on  the  secondary  >>-axis; 
dashed  lines  are  exponential  extrapolations. 
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Table  3-7.  Postflushing  NAPL  content  in  the  swept  volumes  of  each  well,  as  determined 
from  partitioning  tracers. 


EW  1 

EW  2 

EW  3 

total 

Swept  volume  (kL) 

2.17 

1.88 

2.04 

6.09 

NAPL  saturation,  SN 

0.021 

0.015 

0.016 

0.017b 

a  NAPL  volume  (kL) 

0.047 

0.029 

0.033 

0.109 

Fraction  reduction  of  SN 

0.68 

0.78 

0.70 

0.72 

a NAPL  volumes  determined  from  Vs*SN/(\-  SN),  where  Vs  is  the  swept  volume. b  Volume- 
weighted  average  of  the  three  extraction  wells. 
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where  n  is  the  number  of  CPs  (four  for  the  cosolvent  cell  and  five  for  the  SPME  cell).  The  SN_CP 
values  were  summed  sequentially  and  are  plotted  with  distance  along  the  direction  of  flow 
for  the  two  test  cells  in  Figure  3-23.  The  MLS-based  estimates  of  SN_cp  were  compared  to 
linear  interpolations  of  the  E  W-based  cell-average  SN  estimates  in  each  test  cell.  Also  plotted 
in  Figure  3-23  are  the  control  plane  EN  values  determined  using  (3-3)  with  the  pre-  and 
postflushing  SN_CP  values.  These  MLS-based  values  are  compared  to  the  E W-based  cell 
average  EN  estimates,  which  were  assumed  to  be  uniform  over  the  length  of  each  test  cell. 

The  MLS-based  estimates  of  both  pre-  and  postflushing  NAPL  saturations  at  the  CPs 
agree  relatively  closely  with  the  interpolations  made  using  the  average  values  from  the  EWs 
for  both  the  cosolvent  and  SPME  flushing  studies.  The  EN  values  calculated  from  the  MLS 
data  also  agree  relatively  closely  with  the  assumption  of  uniform  effectiveness,  indicating 
that  both  flushing  processes  performed  consistently  along  the  direction  of  flow.  The  most 
notable  exception  is  the  SPME  study  SN_cp  value,  which  is  much  lower  than  the  EW-based 
value  at  the  same  distance  along  the  flow  path  and  contributes  to  the  low  MLS-based  EN 
value  at  the  same  location. 

Extraction  Well  Mass  Balance 

The  NAPL  removal  effectiveness  of  the  SPME  flood  was  also  estimated  by  dividing 
the  amount  of  NAPL  removed  by  the  initial  amount  present.  The  volume  of  NAPL  removed 
from  the  test  cell  was  estimated  by  dividing  the  mass  of  each  constituent  removed  through 
the  extraction  wells  (Table  3-4)  by  the  mass  fractions  of  the  constituents  in  the  NAPL  (Table 
3-1)  and  the  NAPL  density  (0.88  g/cm3).  The  initial  amount  of  NAPL  present  as  determined 
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Figure  3-23 .  Comparison  of  EW-  and  MLS-based  estimates  of  pre-  and  postflushing  NAPL 
saturation  and  removal  effectiveness  at  each  control  plane  for  the  (a)  SPME,  and  (b) 
cosolvent  studies. 
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from  partitioning  tracers  is  shown  in  Table  3-2.  Soil  core  data  were  also  used  to  estimate  the 
initial  amount  of  NAPL  present,  but  of  the  NAPL  constituents  that  were  common  to  the 
extraction  well  and  soil  core  analyses,  only  H-decane  and  «-undecane  yielded  reliable 
chromatographic  peaks  in  the  effluent  samples.  The  total  mass  of  these  two  constituents 
initially  present  was  calculated  by  multiplying  the  pre-flushing  cell-average  soil 
concentrations  (Table  3-6)  by  the  total  mass  of  soil  in  the  flushed  zone,  estimated  from  the 
cell  area  (14.9  m2),  an  average  saturated  depth  of  3.0  m,  and  the  soil  bulk  density.  Because 
of  the  limited  diameter  (5  cm)  of  the  hollow-stem  auger  used  to  collect  the  soil  samples,  and 
the  standardized  40  mL  vials  used  for  the  methylene  chloride  extractions,  the  soil 
concentrations  reported  in  Table  3-6  are  representative  of  primarily  the  sand  fraction  (i.e., 
smaller  grain  sizes)  of  the  aquifer.  The  field  aquifer  material,  however,  contained  a 
substantial  fraction  of  gravel  and  cobbles.  Therefore,  the  effective  bulk  density  was 
estimated  to  be  between  1.7  g/cm3,  a  standard  value  for  sandy  soils  (Freeze  and  Cherry, 
1979),  and  0.66  g/cm3,  equivalent  to  the  standard  value  scaled  by  the  ratio  of  the  measured 
porosity  (0.14)  to  the  expected  porosity  for  sandy  soils  (0.36). 

The  extraction  well  mass  balance  determined  using  partitioning  tracers  to  estimate 
the  initial  NAPL  volume  yielded  NAPL  removal  effectiveness  values  of 55-75%  (Table  3-8). 
The  mass  balance  obtained  using  soil  core  data  to  estimate  the  initial  amounts  of  «-decane 
and  w-undecane  yielded  NAPL  removal  effectiveness  estimates  of  60-175%.  These  results 
demonstrate  that  determinations  of  remediation  effectiveness  made  using  extraction  well 
BTCs,  where  the  mass  removed  and  the  initial  mass  are  determined  with  different 
characterization  techniques,  may  exhibit  more  inconsistency  than  methods  where  initial  and 
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Table  3-8.  NAPL  removal  effectiveness  determined  from  extraction  well  BTCs  and 
estimates  of  the  initial  amount  of  NAPL  from  both  partitioning  tracer  and  soils  data. 


source  of  initial  mass  estimate 


NAPL  constituent 
/7-xylene 

1 ,2,4-trimethylbenzene 

n-decane 

o-undecane 

«-dodecane 

rt-tridecane 


partitioning  tracers 
0.60 
0.74 
0.68 
0.57 
0.56 
0.70 


soil  cores 1 


0.61b-  1.54c 
0.68b-  1.72c 


a  Of  the  constituents  listed  here,  only  w-decane  and  H-undecane  were  measured  in  the  soil 
cores. b  Obtained  using  an  effective  bulk  density  of  1 .7  g/cm3.  c  Effective  bulk  density  of 
0.66  g/cm3. 
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final  contaminant  amounts  are  measured  with  the  same  technique,  as  with  the  partitioning 
tracer  and  soil  core  methods. 


Relative  Permeability 

As  described  by  (2-22),  the  relative  permeability  of  a  porous  medium  is  a  function 
of  NAPL  saturation.  Thus,  a  measured  difference  between  the  pre-  and  postflushing  average 
relative  permeabilities  of  the  aquifer  material  within  the  SPME  flushed  zone  should  reflect 
the  difference  in  the  pre-  and  postflushing  average  SN.  For  the  pre-  and  postflushing 
partitioning  tracer  tests,  all  parameters  in  (2-16)  and  (2-23)  were  constant  except  ke  and  dh. 
The  pre-  and  postflushing  head  differentials  and  NAPL  saturations  can  then  be  related  as 
follows: 


dhpos, 


"part 
"pre) 


(3-5) 


where  the  appropriate  value  of  £  for  the  Hill  AFB  field  site  was  unknown.  Corey  (1986) 
reported  that  values  of  between  3  and  4  are  typical  for  sandy  porous  media,  but  that  a  value 
of  3  corresponds  to  a  uniform  pore  size  with  greater  values  as  the  degree  of  uniformity 
decreases.  Therefore,  because  of  the  heterogeneous  nature  of  the  field  site,  the  effective 
value  of  C  was  expected  to  be  greater  than  3. 

The  head  differential  across  the  SPME  cell  was  determined  from  two  piezometers  set 
1.6  m  apart  along  the  mean  flow  direction,  and  was  monitored  at  regular  intervals  throughout 
the  tracer  tests.  Values  of  dh  measured  during  the  last  two  PV  of  the  preflushing  partitioning 
tracer  test  and  the  first  two  PV  of  the  postflushing  partitioning  tracer  test  (i.e.,  the  data  most 
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representative  of  the  conditions  immediately  before  and  after  SPME  flushing)  are  presented 
in  Figure  3-24  along  with  the  mean  values  during  each  period.  The  pre-  and  postflushing 
tracer  test  flow  rates  measured  at  the  EWs  during  these  periods  are  also  presented  in  Figure 
3-24.  The  mean  values  of  dh  for  the  pre-  and  postflushing  tracer  tests  were  0.15m  and  0. 1 1 
m,  respectively,  resulting  in  a  value  of  1 .37  for  the  left  side  (3-5).  Substitution  of  the  pre- 
and  postflushing  SN  values  from  Tables  3-2  and  3-7  results  in  values  of  1 . 1 7  and  1 .20  for  the 
right  side  of  (3-5),  using  £  values  of  3.5  and  4,  respectively.  A  (  value  of  6.9  was  required 
to  match  the  left  and  right  sides  of  (3-5).  Thus,  it  seems  that  the  utility  of  relative 
permeability  measurements  for  quantitative  assessment  of  changes  in  SN,  is  restricted  by  the 
uncertainty  in  £,  resulting  from  the  complexity  of  the  field  site  aquifer  materials,  however, 
the  head  measurements  required  to  evaluate  changes  in  krw  are  simple,  and  these  data  do 
indicate  a  significant  change  in  SN  between  the  pre-  and  postflushing  tracer  tests. 

Discussion  of  NAPL  Removal  Effectiveness 

The  evaluation  of  the  effectiveness  of  the  SPME  flushing  experiment  was 
confounded  by  the  complex  composition  of  the  NAPL,  leading  to  inconsistent  results  from 
the  different  removal  effectiveness  characterization  methods. 

Soil  samples  collected  from  the  test  cell  during  pre-flushing  coring  appeared  to  be 
completely  coated  with  the  NAPL.  Soils  collected  during  post-flushing  coring  did  not 
appear  to  be  coated  with  NAPL  but  appeared  to  be  stained  black,  especially  when  compared 
to  uncontaminated  aquifer  materials  collected  at  the  site.  This  result  is  consistent  with 
laboratory  evidence  from  column  studies  using  contaminated  soil  from  the  field  site  and  the 
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Figure  3-24.  Head  differential  measured  between  two  piezometers  in  the  SPME  cell  during 
the  pre-  and  postflushing  tracer  tests,  along  with  the  flow  rates  at  the  EWs  during  the  same 
periods. 
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same  SPME  precursor  (Rhue  et  al.,  1999).  After  5  PV  of  SPME  flushing,  the  column  was 
flushed  with  hexane,  and  no  NAPL  constituents  were  found  in  the  hexane  effluent,  indicating 
that  all  compounds  soluble  in  organic  solvents  had  been  removed  from  the  soil.  However, 
pre-  and  post-flushing  partitioning  tracer  tests  indicated  that  only  70%  of  the  NAPL  had  been 
removed.  Inspection  of  the  flushed  soil  revealed  a  dark  coating.  This  residue  was  not 
solubilized  by  either  the  SPME  precursor  or  hexane,  but  did  serve  as  a  sorbent  for  the 
partitioning  tracers  (no  retardation  of  tracers  was  found  on  uncontaminated  field  soil). 

Thus,  while  soil  core  data  indicate  that  >  90%  of  the  mass  of  the  target  NAPL 
constituents  was  removed  by  the  SPME  flood,  partitioning  tracer  and  observational  data 
indicate  that  an  anthropogenic  residue  was  left  behind.  It  remains  to  be  determined  whether 
better  agreement  would  be  found  between  different  techniques  for  assessing  the  effectiveness 
of  SPME  flushing  at  sites  with  less  complex  NAPLs. 

NAPL  Removal  Efficiency 

The  efficiency  of  a  system  is  defined  as  the  work  done  divided  by  the  energy 
supplied.  For  NAPL  source  zone  remediation  technologies,  a  measure  of  the  work  done  is 
the  volume  of  NAPL  removed,  LVN.  One  measure  of  the  energy  input  is  the  cost  of  the 
remedial  system;  however,  technical  performance  is  of  more  immediate  interest  here,  and 
energy  input  was  thus  measured  in  terms  of  the  volume  of  flushing  fluid  applied,  quantified 
by  the  first  normalized  moments  of  the  NAPL  constituent  BTCs,  m  ,c .  This  approach  enables 
the  calculation  of  separate  remediation  efficiencies  for  NAPL  constituents  that  may  be  eluted 
from  the  flushed  zone  at  different  times  (i.e.,  after  the  application  of  different  volumes  of 
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flushing  fluids).  The  first  moment  of  each  constituent  was  corrected  for  the  resident  fluid 
volume  that  was  initially  displaced  by  the  flushing  fluid  by  subtracting  the  first  normalized 
moment  of  a  nonpartitioning  tracer  measured  at  the  same  sampling  location.  Thus,  the 
NAPL  removal  efficiency,  E,  is  generally  defined  as  the  volume  of  NAPL  removed  by  a 
given  volume  of  flushing  fluids  (corrected  for  the  resident  volume  of  water): 

E  =  —  7P  (3-6) 

m]  -  mx 

High  values  of  £  indicate  efficient  remediation  technologies,  with  a  maximum  value 
of  one  (where  all  the  NAPL  present  is  removed  with  only  one  PV  of  flushing  fluids). 
Likewise,  E  values  would  approach  zero  for  the  most  inefficient  remediation  strategies. 

A  technology's  efficiency  rating  should  not  be  biased  by  the  initial  conditions  under 
which  it  was  tested.  This  measurement  normalizes  the  performance  evaluation  of  different 
experiments  or  pilot-scale  tests  to  variations  in  the  amount  of  NAPL  initially  present,  and  to 
variability  in  arrival  time  distributions  (and,  hence,  permeability  distributions).  Assuming 
that  a  given  technology  would  require  proportionally  more  pore  volumes  of  flushing  fluid 
to  remediate  a  site  with  a  large  initial  NAPL  saturation  than  a  site  with  a  low  saturation,  the 
same  efficiency  rating  would  result  for  both.  However,  if  the  efficiency  rating  of  (3-6)  were 
calculated  using  the  fraction  reduction  in  VN  instead  of  the  change  in  VN,  the  rating  could  be 
biased  by  the  initial  amount  of  NAPL  present  at  a  site. 

Holding  all  other  initial  conditions  equal,  spatial  variability  in  permeability  may 
affect  the  second  moment  of  a  contaminant  BTC,  but  should  not  affect  the  first  moment. 
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Thus,  by  incorporating  the  first  moment  of  the  contaminant  BTC  as  a  measure  of  the  volume 
of  flushing  fluid  required  to  remove  the  contaminant,  the  end-point  efficiency  is  normalized 
for  contrasts  in  permeability  variability  between  experiment  sites. 

It  should  be  noted,  however,  that  (3-6)  does  not  account  for  variability  in  NAPL 
spatial  distribution.  The  remediation  of  a  site  with  a  highly  variable  NAPL  distribution 
would  be  expected  to  be  less  efficient  than  the  remediation  of  a  site  with  a  more  uniform 
NAPL  distribution.  Similarly,  changes  in  the  NAPL  distribution  during  the  remedial  process 
may  affect  the  remediation  efficiency;  however,  these  effects  are  not  addressed  here. 

Specific  Measures  of  Efficiency 

The  soil  core,  partitioning  tracer,  and  extraction  well  mass  balance  characterization 
methods  presented  above  can  be  used  to  quantify  the  work  done  by  a  remediation  system 
with  measures  which  can  be  transformed  to  the  change  in  NAPL  volume.  Approaches  for 
calculating  NAPL  removal  efficiency  using  each  of  these  three  methods  are  described  below. 

Partitioning  tracers.  The  first  measure  of  NAPL  removal  efficiency  is  calculated 
using  the  change  in  NAPL  saturation  determined  from  pre-  and  postflushing  partitioning 
tracer  tests.  Conversion  of  the  NAPL  saturation,  defined  as  the  volume  of  NAPL  divided  by 
the  pore  volume,  to  the  NAPL  volume  requires  multiplication  by  the  pore  volume: 
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where  it  is  assumed  that  the  preflushing  nonpartitioning  tracer  first  moment,  corrected  for 
the  preflushing  NAPL  saturation,  SN  ,  is  representative  of  the  pore  volume.  Combination 

pre 

of  (3-6)  and  (3-7)  results  in  the  following  expression  for  NAPL  removal  efficiency: 
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where  the  subscript  pt  indicates  that  this  measure  was  determined  using  partitioning  tracers. 

Soil  cores.  The  change  in  the  mean  soil  concentration  of  a  NAPL  constituent,  AXc, 
can  be  converted  to  an  estimate  of  the  change  in  NAPL  saturation  using  the  constituent  mass 
fraction  within  the  NAPL,  xc- 


AS, 


Xc  Pyv1! 


(3-9) 


where  pB  is  the  soil  bulk  density  and  pN  is  the  NAPL  density.  By  combining  (3-8)  and  (3-9), 
the  NAPL  removal  efficiency  can  be  expressed  as  follows: 
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k  XcP*Tlj 
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(3-10) 


where  the  subscript  sc  indicates  that  this  measure  was  determined  from  soil  core  data.  This 
formulation  enables  the  comparison  of  efficiencies  between  systems  wherein  the  amount  of 
an  individual  NAPL  constituent  initially  present  varies  (e.g.,  the  NAPLs  initially  present  at 
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two  sites  may  have  different  compositions  but  share  common  constituents).  Again,  if  Esc 
were  calculated  using  the  fraction  reduction  in  Xc,  the  measure  could  be  biased  by  the  initial 
mass  of  that  contaminant. 

NAPL  constituent  BTCs.  The  zeroth  moment  of  an  individual  NAPL  constituent 
BTC,  m0c,  is  representative  of  the  mass  that  was  removed  from  the  swept  volume  of  the 
sampling  location,  and  can  be  converted  to  the  change  in  NAPL  volume  as  follows: 


Combination  of  (3-7)  and  (3-11)  results  in  a  third  measure  of  NAPL  removal  efficiency: 


where  the  subscript  BTC  indicates  that  this  measure  was  determined  from  a  NAPL 
constituent  BTC. 

Pump-and-treat.  For  comparison  purposes,  the  removal  efficiency  that  would  be 
expected  from  pump-and-treat  (PAT)  methods  was  estimated  as  well.  If  it  is  assumed  that 
the  concentration  of  a  constituent  in  each  pore  volume  flushed  is  equal  to  the  product  of  the 
constituent  aqueous  solubility  limit,  Sc,  and  the  constituent  mass  fraction  in  the  NAPL,  then 
the  total  constituent  mass  removed  by  PAT,  represented  by  the  zeroth  moment  of  the 
constituent  elution  curve,  can  be  expressed  as  follows: 
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where  VT  is  the  total  volume  of  water  flushed  through  the  contaminant  source  zone.  The 
remediation  efficiency  of  a  PAT  operation,  EPAT,  can  be  determined  through  combination  of 
(3-10)  and  (3-13),  subject  to  the  following  considerations:  /w,c  is  assumed  to  be  equivalent 
to  one-half  of  the  number  of  PVs  required  to  remove  the  constituent,  and,  because  water  is 
the  flushing  agent  in  PAT  operations,  m{c  does  not  need  to  be  corrected  for  the  resident  fluid 
pore  volume.  The  resulting  efficiency  expression  is  then 

2Sr 

Epat  =  — ~  (3-14) 

Results 

NAPL  removal  efficiencies  were  calculated  for  both  the  SPME  and  the  cosolvent 
flushing  studies  using  the  partitioning  tracer,  soil  core,  and  constituent  BTC  measures 
described  above.  The  efficiency  measure  based  on  NAPL  constituent  BTCs  was  calculated 
at  both  the  EWs  and  MLSs  for  both  studies.  Because  the  NAPL  composition  was  not  the 
same  in  the  two  test  cells,  different  target  constituents  were  analyzed  for  each  experiment. 
This  analysis  will  focus  on  the  following  constituents:  n-decane  and  w-undecane,  which  were 
common  to  both  test  cells,  1,2,4-TMB  (SPME  study)  and  1,3,5-TMB  (cosolvent  study), 
which  were  assumed  to  exhibit  similar  dissolution  behavior  because  of  their  similar  log 
octanol-water  partitioning  coefficients,  3.63  and  3.42,  respectively  (Sangster,  1 989),  and  1 ,2- 
dichlorobenzene  (DCB)  which  was  prevalent  only  in  the  cosolvent  cell.  For  comparison  with 
PAT,  the  behavior  of  more-hydrophobic  contaminants  was  illustrated  with  «-decane  (Sc  = 
0.009  mg/L),  and  less-hydrophobic  contaminants  with  DCB  (Sc  =  100  mg/L).  All  of  the 
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parameters  required  to  calculate  the  NAPL  removal  efficiencies  for  both  studies  have  been 
compiled  in  Appendix  C. 

Cell-averaeed  efficiencies.  When  EW  data  are  used  in  (3-8),  (3-10),  and  (3-12),  the 
NAPL  removal  efficiencies  calculated  using  these  measures  are  representative  of  the 
remediation  performance  averaged  over  the  entire  flushed  zone.  The  cell-averaged 
efficiencies  calculated  using  flux-averaged  data  from  all  three  EWs  for  both  the  SPME  and 
cosolvent  studies  are  presented  in  Table  3-9.  The  mean  of  the  efficiency  values  determined 
from  all  three  measures  was  0.02  for  both  the  SPME  and  cosolvent  studies,  indicating  that 
both  technologies  performed  equally  efficiently.  A  general  interpretation  of  an  efficiency 
of  0.02,  based  on  (3-8),  is  that  approximately  2.5  PV  of  flushing  agents  were  required  to 
effect  a  reduction  of  0.05  in  the  average  NAPL  saturation  within  each  test  cell.  However, 
it  is  emphasized  that  the  efficiency  calculations  presented  here  were  based  on  constituent 
BTC  first  moments,  and  thus  represent  the  mean  dissolution  behavior.  Because  the  NAPL 
constituent  dissolution  profiles  exhibited  significant  tailing,  from  the  combined  effects  of 
field-scale  heterogeneities  and  rate-limited  dissolution,  more  than  2.5  PV  of  flushing  was 
required  to  approach  complete  NAPL  removal  (approximately  9  PV  of  flushing  agents  were 
flushed  through  each  test  cell). 

While  there  is  no  clear  trend  in  the  efficiency  values  in  Table  3-9  to  indicate  whether 
cosolvent  or  SPME  flushing  was  more  efficient,  a  comparison  of  these  values  with  the  EPAT 
values  indicates  that  both  flushing  experiments  removed  the  NAPL  much  more  efficiently 
than  pump-and-treat  methods  would  have.  Both  flushing  technologies  were  approximately 
102  times  more  efficient  than  PAT  for  the  less  hydrophobic  NAPL  constituents  (e.g.,  DCB) 
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Table  3-9.  Cell-averaged  NAPL  remediation  efficiencies  for  the  SPME  and  cosolvent 
flushing  field  experiments. 


Efficiency  Measure 

NAPL  Constituent 

DCBa 

TMBb 

M-decane 

«-undecane 

Epl  (Partitioning  tracers) 

SPME 

NP 

0.018 

0.019 

0.018 

Cosolvent 

0.022 

0.017 

0.015 

0.013 

Esc  (Soil  cores) 

SPME 

NP 

_d 

0.030 

0.021 

Cosolvenf 

0.026 

NM 

0.028 

NM 

EBTC  (Extraction  wells) 

SPME 

NP 

0.019 

0.018 

0.015 

Cosolvent 

0.023 

0.037 

0.026 

0.014 

EPAT  (Pump-and-treat) e 

2.4  x  10"4 

2.1  x  10-8 

a  1,2-dichlorobenzene  was  not  present  (NP)  in  the  NAPL  from  the  SPME  cell. b  Cosolvent 
experiment:  1,3,5-TMB;  SPME  experiment:  1,2,4-TMB.  c  These  constituents  were  not 
measured  (NM)  in  the  soil  cores  from  the  cosolvent  cell.  d  SPME:  1,2,4-TMB  measured  in 
effluent,  but  1,3,5-TMB  measured  in  soil  cores.  e  Pump-and-treat  efficiency  was  calculated 
only  for  1,2-dichlorobenzene  and  «-decane. 
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and  approximately  106  times  more  efficient  for  the  more  hydrophobic  compounds  (e.g.,  n- 
decane).  Thus,  by  chemically  enhancing  PAT  with  either  cosolvent  or  SPME  technology, 
an  improvement  in  NAPL  removal  efficiency  of  between  1 02  and  1 06  times  may  be  expected, 
depending  on  the  hydrophobicity  of  the  compounds  of  interest. 

Also,  note  that  the  average  of  the  efficiencies  determined  from  partitioning  tracer 
tests,  which  required  no  transformations  to  calculate  SN,  was  very  similar  for  both 
experiments,  however,  the  cosolvent  flushing  removal  efficiency  decreased  with  increasing 
constituent  hydrophobicity,  while  the  SPME  efficiency  was  approximately  equal  for  all 
constituents.  The  differences  in  cosolvent  flushing  remediation  efficiency  for  various  NAPL 
constituents  was  due  in  part  to  the  solvent  injection  program,  wherein  one  PV  of  ethanol  was 
injected  before  the  introduction  of  the  stronger  solvent,  M-pentanol,  and  in  part  due  to 
selective  dissolution  (for  details  regarding  the  solvent  injection  program,  see  Rao  et  al., 
1997).  Less-hydrophobic  compounds,  such  as  DCB,  were  solubilized  in  the  ethanol-water 
mixture,  whereas  more-hydrophobic  compounds  (such  as  «-decane)  did  not  achieve 
significant  solubility  enhancement  until  the  injection  of  w-pentanol  was  initiated. 

An  alternate  method  of  determining  remediation  efficiency  for  the  cosolvent  flushing 
experiment,  which  would  have  strictly  accounted  for  the  delayed  injection  of  «-pentanol, 
would  have  been  to  calculate  E  in  terms  of  PVs  of  ethanol/«-pentanol/water  solution  flushed, 
instead  of  PVs  of  solvent  solution  flushed.  However,  because  some  initial  amount  ethanol- 
water  flooding  may  be  needed  to  prevent  the  phase  separation  of  «-pentanol,  the  efficiency 
measures  presented  in  Table  3-9  were  calculated  in  terms  of  volume  of  flushing  agents 
applied. 
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Local  efficiencies:  MLS  data.  There  were  a  total  of  38  sampling  locations  in  the 
cosolvent  cell  and  61  in  the  SPME  cell  for  which  all  of  the  information  required  for  the 
calculation  of  NAPL  removal  efficiencies  using  (3-12)  was  available.  The  mean  and 
standard  deviations  of  the  MLS-based  efficiency  values  calculated  at  each  control  plane  for 
both  studies  are  presented  in  Table  3-10.  It  was  assumed  that  each  sampling  location 
represented  an  equal  area  within  the  control  plane  and  the  efficiencies  were  thus 
arithmetically  averaged.  The  average  efficiencies  at  the  control  planes  were  relatively 
constant,  indicating  that  the  NAPL  removal  efficiency  was  not  a  function  of  distance  along 
the  flow  direction.  Also,  the  average  efficiencies  determined  from  all  of  the  MLSs  in  each 
cell  were  in  relatively  close  agreement  with  the  average  efficiencies  determined  from  the 
EWs. 

However,  there  was  significant  variability  in  the  individual  sampling  location 
efficiency  values,  as  evidenced  by  the  large  standard  deviations  associated  with  the  CP 
averages  in  Table  3-10.  Potential  causes  of  variability  in  local  NAPL  removal  efficiencies 
are  differences  in  spatial  distributions  of  the  NAPL  and  differences  in  local  flux.  The  latter 
was  investigated  by  calculating  the  correlation  between  local  NAPL  removal  efficiency  and 
local  flux  using  (2-43).  The  individual  E  values  calculated  at  each  sampling  location  are 
plotted  as  a  function  of  the  inverse  of  the  local  flux  estimates  in  Figure  3-25,  with  the 
calculated  correlation  coefficients  inset.  For  all  constituents  from  both  studies,  a  positive 
correlation  was  found  between  the  inverse  flux  and  E,  indicating  that  higher  efficiencies  were 
realized  at  locations  where  the  local  fluxes  were  lower,  as  would  be  expected  for  rate-limited 
dissolution. 
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Figure  3-25.  Correlation  between  NAPL  removal  efficiency  and  local  flux  measured  at 
multilevel  sampler  locations  in  both  the  (a)  SPME  and  (b)  cosolvent  test  cells,  with 
correlation  coefficients,  p,  inset. 
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Discussion  of  NAPL  Removal  Efficiency 

While  remediation  performance  comparison  can  be  difficult  for  multi-component 
NAPLs,  the  data  presented  here  have  demonstrated  that  neither  cosolvent  nor  SPME  flushing 
was  markedly  more  efficient  than  the  other;  however,  as  the  ultimate  deciding  factor  is 
usually  economics,  the  next  level  of  decision-making  would  be  to  determine  the  cost  per  pore 
volume  of  flushing  agent  for  each  technology.  Also,  because  these  data  have  indicated  that 
both  technologies  are  subject  to  rate  limitations,  fluid  flow  rates  and  the  resultant  pore  water 
velocities  under  which  these  technologies  may  be  implemented  are  an  important 
consideration.  Greater  NAPL  removal  efficiencies  may  be  possible  at  lower  flow  rates  than 
were  used  in  these  two  studies,  but  the  effect  of  longer  flushing  durations  on  total  project 
costs  must  be  considered. 


CHAPTER  4 

NUMERICAL  MODELING  OF  LABORATORY-  AND  FIELD-SCALE 
ENHANCED  AQUIFER  REMEDIATION 


Introduction 

Nonequilibrium  effects  observed  during  NAPL  dissolution  generally  result  from 
diffusion  caused  by  either  large-scale  heterogeneities  in  media  properties  and  NAPL 
distribution,  or  local-scale  mass  transfer  constraints.  At  local  scales,  mass  transfer  across 
fluid-solid  or  fluid-fluid  interfaces  within  porous  media  is  often  diffusion-limited.  Large- 
scale  hydraulic  conductivity  variability  results  in  a  heterogeneous  distribution  of  pore  water 
velocities.  High-velocity  streamlines  are  likely  to  be  exhibit  lower  solute  concentrations  than 
low-veolocity  streamlines  because  of  rate-limited  mass  transfer  across  interfaces.  Solute 
concentrations  will  similarly  vary  among  streamlines  that  contain  either  different  amounts 
of  NAPL,  or  NAPLs  of  different  compositions.  Concentration  gradients  between  streamlines 
result  in  solute  diffusion  between  streamlines.  These  diffusion  effects  are  mechanistically 
similar  to  those  described  for  rate-limited  sorption  processes  (e.g.,  Brusseau  et  al.  1991). 
Augustijn  ( 1 993)  noted  that  aqueous  dissolution  of  multi-component  NAPLs  can  be  modeled 
as  desorption  because  both  processes  involve  solute  diffusion  through  an  organic  phase 
(NAPLs  for  dissolution  and  soil  organic  matter  for  desorption).  Large-scale  diffusion 
limitations  are  also  equivalent  for  both  process.  Finally,  Augustijn  (1993)  noted  that  the 
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similarity  between  dissolution  and  desorption  is  particularly  acute  when  the  NAPL  contains 
an  insoluble  pitch  fraction,  as  was  observed  in  the  Hill  AFB  NAPL. 

Here,  the  one-dimensional  flow,  cosolvent-enhanced  desorption  code  of  Augustijn 
et  al.  (1994)  was  adapted  to  model  both  cosolvent-enhanced  dissolution  and  single-phase 
microemulsification  of  NAPLs.  This  model  was  applied  to  laboratory  and  field  data  from 
both  the  cosolvent  and  SPME  flushing  studies.  Transport  of  the  flushing  agents  was 
described  with  a  one-dimensional  advection-dispersion  equation,  wherein  the  effects  of 
media  heterogeneity  were  encompassed  by  the  Peclet  number,  P.  For  the  field  experiment 
simulations,  the  superposition  of  two  solute  transport  equations  was  used  to  characterize  the 
more  complex  heterogeneities  encountered  at  the  field  scale.  Nonequilibrium 
dissolution/desorption  was  described  using  the  bicontinuum  approach,  wherein  a  fraction, 
F,  of  the  dissolution/desorption  occurs  instantaneously,  and  the  remainder  is  characterized 
by  a  first-order  mass  transfer  model. 

Modeling  Dissolution  as  Desorption 

Upon  the  injection  of  a  flushing  agent  into  a  contaminated  porous  medium,  the  effects 
of  the  flushing  agent  on  contaminant  sorption  are  reflected  by  changing  values  oiR  and  the 
nonequilibrium  parameters  Fand  w.  Contaminant  transport  is  modeled  through  the  solution 
of  the  two-site  nonequilibrium  transport  equations,  (2-9)  and  (2-10),  using  finite  difference 
techniques. 

The  following  changes  in  the  original  model  of  Augustijn  et  al.  (1994)  were 
implemented  for  the  simulation  of  NAPL  dissolution:  (1 )  the  total  retardation  of  each  NAPL 
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constituent  was  calculated  in  terms  of  the  constituent  mass,  (2)  the  log-linear  effects  of 
cosolvents  on  contaminant  aqueous  solubility  and  retardation  were  adapted  to  represent  the 
linear  effects  of  microemulsions,  and  (3)  the  effects  of  cosolvents  on  nonequilibrium  sorption 
parameters  were  assumed  to  be  identical  for  dissolution,  but  microemulsions  were  assumed 
to  have  no  effect  on  nonequilibrium  parameters.  Each  of  these  adaptations  is  discussed 
below. 

Representing  Total  Contaminant  Mass  With  R 

The  total  mass  of  NAPL  constituent  c,  Mc,  contained  within  the  pore  volume  of  a 
NAPL-contaminated  porous  medium  is  equal  to  the  sum  of  the  mass  in  solution  and  the  mass 
in  the  NAPL  phase: 

Mc  =  Cc(\-S„)+S?SN  (4-1) 

where  Cc  is  the  aqueous  concentration  of  the  constituent,  and  SCN  is  the  mass  of  the 
constituent  per  unit  volume  of  NAPL.  Assuming  linear  partitioning  of  the  constituent 
between  the  aqueous  and  NAPL  phases: 

Sc   =  CCKN  (4-2) 
Substitution  of  (4-2)  into  (4-1)  and  rearranging  results  in  the  following: 

Mc        =  j  +   knsn  (4-3) 
CC(\-SN)  (\-SN) 

For  a  multi-component  NAPL,  the  equilibrium  aqueous  concentration  of  an  individual 
component  is  defined  by  Raoult's  law: 


165 

where  Xc  is  the  mass  fraction  of  the  constituent  in  the  NAPL.  Recognizing  the  right  side  of 
(4-3)  as  being  equivalent  to  (2-2),  and  substituting  (4-4)  into  the  left  side,  allows  the 
expression  of  the  retardation  of  c  in  water,  R" ,  in  terms  of  the  total  constituent  mass: 

R  •  =   ^   (4-5) 

xXd-sN) 

The  total  constituent  mass  can  be  estimated  from  preflushing  partitioning  tracer  data: 

KP'-XCPNSN  (4-6) 
or  from  BTCs  measured  during  flushing: 

mbtc  =  mo(l  ~Sn)  (4-7) 

c 

m  "P 

m\ 

Because  the  latter  is  a  direct  measure  of  the  constituent  mass,  requiring  no  mass  fraction 
conversions,  this  relation  is  preferred  to  the  former,  provided  that  dissolution  data  are 
available.  Thus,  in  the  simulations  reported  here,  the  retardation  of  c  in  water  was 
determined  by  substituting  (4-7)  into  (4-5): 


moC  (4-8) 


m\  xcsc 
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Flushing  Agent  Effects  on  R 

Cosolvents.  The  log-linear  effect  of  the  addition  of  organic  solvents  to  water  on  the 
solubility  of  hydrophobic  organic  chemicals  (HOC)  has  been  well  documented  (e.g., 
Yalkowsky  and  Roseman,  1981;  Pinal  et  al.,  1990).  The  log-linear  model  states  that  the 
solubility  of  an  HOC,  here  represented  by  a  NAPL  constituent,  c,  in  a  cosolvent  mixture, 
iScOT,  is  related  to  the  aqueous  solubility  of  the  constituent  as  follows: 

Scm  =  S;'lOo/c  (4-9) 

where  fc  is  the  volume  fraction  of  cosolvent  and  o  is  a  measure  of  the  cosolvency  power  of 
the  solvent  and  is  determined  from  experimental  measurements  using  (4-9).  A  similar 
relationship  has  also  been  observed  for  the  equilibrium  sorption  coefficient  of  HOCs,  here 
represented  by  KN,  (Rao  et  al.,  1985;  Nkedi-Kizza  et  al.,  1985): 

K£  =  K^\0°f<  (4-10) 

Thus,  the  increased  polarity  of  cosolvent  mixtures  results  in  higher  solubilities  and  lower 
sorption  coefficients  for  HOCs.  Log  transformation  of  (4-10)  and  substitution  of  (2-2) 
results  in  the  following  expression  for  cosolvency  effects  on  R: 

log(tfm-l)  =  log(*"--l)-aPo/c  (4-11) 

where  a  and  P  are  empirically  determined  parameters  that  account  for  the  interactions 
between  the  cosolvent  and  the  soil,  and  between  the  cosolvent  and  water,  respectively  (Rao 
et  al.,  1990).  Here  these  interactions  were  assumed  to  be  insignificant  and  values  of  one 
were  used  for  both  coefficients. 
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For  ternary  cosolvent  mixtures,  the  cosolvent  effects  on  R  can  be  described  by 

log(*  m  -  1)  =  log(tf  M  -  1)  -  (o,/C|  +  o2fc)  (4-12) 

where  the  subscripts  1  and  2  refer  to  the  two  cosolvents,  here  ethanol  and  w-pentanol. 
Equation  4-12  can  then  be  simplified: 

log(*  m  -  1)  =  log(*  "  -  1)  -  o*(/C|  (4-13) 

where  o*  is  a  weighted-average  cosolvency  power: 

G.   =    °1  fcl  +  °2  fc2  (4-14) 

fcl  +fc2 

SPME.  A  given  volume  of  SPME  solution  can  be  considered  as  some  fraction,  (J)", 
of  micellar  structures  as  depicted  in  Figure  2-1,  with  the  remainder  water.  The  total 
solubility  of  NAPL  constituent  c  in  a  SPME  solution  can  then  be  expressed  as: 

SeT  =  S;  +  S*  (4-15) 

where  the  superscript  u  here  refers  to  the  micellar  fraction  of  the  aqueous  volume.  In 
contrast  to  cosolvent  addition,  and  the  log-linear  increases  in  solubility  described  by  (4-9), 
NAPL  solubilization  by  microemulsions  is  more  closely  approximated  by  a  linear  model 
(e.g.,  Martel  and  Gelinas,  1996,  Figure  11).  Thus,  the  analogous  linear  form  (4-9)  for 
microemulsions  is: 

S?  =  ^o»s;  (4-16) 
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where  is  a  measure  of  the  microemulsion  solubilization  capacity  and  is  determined  by 
substituting  (4-16)  into  (4-15) .  For  the  SPME  study,  the  surfactant  and  alcohol  comprised 
5.5  wt%  of  the  precursor  solution  (i.e.,  (J>0  =  0.055),  however,  a  normalized  (j)  (4>  =  4>M/4>o) 
was  used  to  calculate  oM  in  the  following  equation  and  <$>  was  thus  set  equal  to  one  throughout 
this  analysis: 


o»=  ^  -  1  <4-17> 

s; 


If  it  is  assumed  that  partitioning  between  the  nonaqueous  phase  and  the  water  and 
micellar  fractions  of  the  aqueous  phases  is  linear,  as  described  by  the  following: 

SCN  =  K^C:  =  K»C?  (4-18) 

then  substitution  of  concentration  for  solubility  in  (4- 1 7)  and  combination  with  (4-18)  results 
in  the  following  expression  for  the  effect  of  microemulsions  on  NAPL- water  partitioning: 


^-  =  l+(j)oX  <4-19> 


Finally,  substitution  of  (2-2)  into  (4-19)  results  in  the  following  expression  that  was  used  in 
the  numerical  simulations  to  calculate  the  SPME  effects  on  retardation: 


K  ~  1  (4-20) 


R?  -  1  = 

1  +<|>oM 

where,  again,  a  value  of  one  was  used  for  (J). 
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Flushing  Agent  Effects  on  Nonequilibrium  Parameters 

Cosolvents.  Brusseau  et  al.  ( 1 99 1 )  presented  data  which  indicated  that  the  first-order 
desorption  rate  coefficient,  k2,  increased  in  a  log-linear  fashion  with  cosolvent  fraction.  The 
relationship  between  the  Damkohler  number,  related  to  k2  by  (2-13),  and  cosolvent  effects, 
modified  for  a  ternary  solvent  mixture  as  described  above,  is  then  (Augustijn  et  al.,  1994): 

logo)'"  =  logo)"'  +  O.6680*  (/C)  +/y  (4-21) 

Brusseau  et  al.  ( 1 99 1 )  also  found  that  the  fraction  of  instantaneous  sites,  F,  decreased 
with  increasing  cosolvent  fraction.  Augustijn  et  al.  (1994)  proposed  the  following 
relationship  for  cosolvent  fractions  above  20%: 

Fm  _  FW_  (/^-O.Ol)  f,    Q  2)  (4-22) 
0.8 

SPME.  As  described  by  Figure  2-1,  the  mechanisms  of  microemulsification  are 
suspected  to  be  external  to  the  NAPL  and,  thus,  the  nonequilibrium  parameters  are  expected 
to  be  independent  of  the  microemulsion  content  for  SPME  flushing: 

k%  =  kf        F»  =  Fw  (4-23) 
Numerical  Modeling  Results 

Laboratory  Column  Studies 

Dai  (1997),  expanding  on  similar  work  by  Johnson  (1996),  flushed  columns  packed 
with  contaminated  soil  collected  from  the  Hill  AFB  UF/EPA  cosolvent  field  site  with  two 
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cosolvent  mixtures:  70%  ethanol/30%  water  and  70%  ethanol/10%  H-pentanol/20%  water, 
all  by  volume.  The  latter  mixture  was  very  similar  to  that  used  for  the  1995  field  study. 
Rhue  et  al.  (1999)  flushed  a  laboratory  column  that  was  packed  with  contaminated  soil  from 
the  Hill  AFB  SPME  field  site  using  the  same  precursor  solution  from  the  1996  field  study. 

In  both  laboratory  studies,  pre-  and  postflushing  partitioning  tracer  tests  were  used 
to  assess  the  NAPL  removal  effectiveness  of  the  flushing  solutions.  The  preflushing 
nonpartitioning  tracer  BTCs  from  both  studies  were  fit  with  an  analytical  solution  to  the  one- 
dimensional  advection-dispersion  equation  (Lapidus  and  Amundson,  1 956).  Measured  BTCs 
from  all  three  columns  are  shown  with  the  model  fits  in  Figure  4-1.  The  fitted  Peclet 
numbers,  P,  are  listed  in  Table  4-1  with  other  parameters  that  were  constant  for  each  column. 

The  mass  of  each  constituent  removed  during  flushing,  determined  from  numerical 
integration  of  constituent  BTCs,  is  listed  in  Table  4-2,  along  with  the  values  calculated 
from  (4-10).  Dai  (1997)  determined  cosolvency  powers  for  the  ethanol/water  mixture  from 
(4-9)  using  NAPL-contaminated  soil  collected  from  the  1995  Hill  AFB  field  site.  The 
cosolvency  powers  for  n-pentanol  that  are  listed  in  Table  4-2  were  measured  in  the  presence 
of  70%  ethanol  using  NAPL  collected  from  the  1 995  Hill  AFB  field  site  (Dai,  1 997).  Values 
of  o*  for  the  ethanol/«-pentanol/water  mixture  were  calculated  for  input  to  the  model  using 
(4-14).  Values  of  oM  for  the  SPME  study  were  calculated  from  (4-17),  however  Rhue  et  al. 
(1999)  used  «-dodecane  solubilization  as  an  indicator  for  NAPL  solubilization  and,  thus, 
values  of  Sc  were  not  measured  for  the  other  constituents.  Therefore,  total  solubilities  in  the 
precursor  solution  of  the  other  constituents  were  scaled  to  the  n-dodecane  value  (S1  =  104 
mg/L)  as  follows: 
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Figure  4-1.  Preflushing  nonpartitioning  tracer  BTCs  with  one-dimensional  solute  transport 
model  fits  for  laboratory  columns  flushed  with  (a)  70%  ethanol/30%  water,  (b)  70% 
ethanol/10%  w-pentanol/20%  water,  and  (c)  SPME  precursor  solution. 
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Table  4-1 .  Hydrodynamic  and  nonequilibrium  parameters  for  laboratory  column  cosolvent 
and  SPME  flushing  experiments. 

Flushing  Solution  m"p(mL)  P      SN  /C/(J)  F 

70%  Ethanol/30%  Water  9.69  15  0.067  0.7  0.05 

70%Ethanol/ 10%  Pentanol/20%  Water  9.89  20  0.070  0.8  0.05 

SPME  10.36  36  0.060  1.0  0.8 
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Table  4-2.  Nonequilibrium  model  input  parameters  for  laboratory  column  cosolvent  and 
SPME  flushing  experiments. 


NAPL  Constituent 

m0c(mg) 

a  XX  (mg/L) 

r; 

0) 

Ethanol/Water 

1 ,2-dichlorobenzene 

1.95 

2.95E-1 

6.82E+2 

4.23 

2.0E-2 

1 ,3,5-trimethylbenzene 

0.24 

4.07E-3 

6.12E+3 

5.36 

1.0E-3 

H-undecane 

6.73 

5.62E-4 

1.24E+6 

8.35 

2.5E-5 

Ethanol/Pentanol/Water 

1 ,2-dichlorobenzene 

1.97 

2.95E-1 

6.75E+2 

3.97 

2.0E-2 

1 ,3,5-trimethylbenzene 

0.20 

4.07E-3 

4.95E+3 

6.65 

1.0E-3 

w-undecane 

7.43 

5.62E-4 

1.34E+6 

9.13 

2.5E-5 

SPME 

1 ,2,4-trimethylbenzene 

1.64 

2.50E-1 

6.34E+2 

2.60E+2 

1.0 

n-undecane 

7.21 

5.62E-4 

1.24E+6 

4.12E+5 

1.0 

w-dodecane 

2.78 

2.58E-5 

1.04E+7 

4.03E+6 

1.0 

a  All  solubilities,  except  1,2,4-trimethylbenzene  and  H-dodecane,  were  determined  from 
linear  extrapolations  of  plots  of  log  Scm  vs  ethanol  fraction  using  NAPL-contaminated  soil 
from  the  1995  Hill  AFB  field  site  (Dai,  1997).  Values  for  1,2,4-TMB  and  «-dodecane 
determined  using  aqueous  solubilities  from  Verschueren  (1983)  and  mass  fractions  from 
Table  3-2. b  Values  for  the  ethanol/water  mixture  were  measured  from  NAPL-contaminated 
soil  from  the  1 995  Hill  AFB  field  site,  while  values  for  the  ethanol/w-pentanol/water  mixture 
represent  cosolvency  power  of  H-pentanol  in  the  presence  of  70%  ethanol  and  were  measured 
from  NAPL  collected  from  the  1995  field  site  (Dai,  1997). 
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The  nonequilibrium  parameters,  F  and  co,  listed  in  Tables  4-1  and  4-2  were 
determined  from  fits  of  the  model  to  measured  BTCs  and  are  discussed  below. 

Cosolvents.  Breakthrough  curves  that  were  measured  for  1 ,2-DCB,  1 ,3,5-TMB,  and 
H-undecane  during  flushing  with  both  cosolvent  mixtures  are  shown  in  Figure  4-2.  The 
results  of  these  experiments  indicated  that  the  addition  of  a  relatively  small  amount  of  a 
stronger  solvent  resulted  in  a  significant  reduction  in  the  number  of  PVs  required  for  nearly 
complete  removal  of  the  NAPL  constituents. 

The  fits  obtained  using  the  bicontinuum  nonequilibrium  model  are  also  plotted  in 
Figure  4-2.  The  two  nonequilibrium  parameters,  F  and  w,  generally  control  the  BTC  peak 
height  and  tail  extent,  respectively.  The  fraction  of  the  NAPL  that  was  instantaneously 
dissolved  was  assumed  to  be  a  function  of  the  following  variables:  media  geometry,  NAPL 
distribution  and  morphology,  and  dissolution  mechanism.  Thus,  because  F  was  assumed  to 
be  independent  of  either  the  individual  NAPL  constituents  or  the  cosolvent  mixture,  the 
value  of  F"  that  was  required  to  match  the  observed  BTC  peak  heights  was  maintained  for 
all  constituents  and  for  both  cosolvent  mixtures. 

Initial  estimates  for  the  Damkohler  number  were  obtained  from  the  following 
empirical  relationship  between  the  equilibrium  sorption  coefficient,  K,  and  the  first-order  rate 
coefficient  that  was  presented  by  Augustijn  (1993)  based  on  earlier  work  by  Brusseau  and 
Rao  (1989): 
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-  ethanol/water  a  ethanol/pentanol/water 

— model  —model 

Figure  4-2.  Measured  and  simulated  BTCs  from  laboratory  columns  packed  with 
contaminated  soil  from  the  1995  Hill  AFB  field  site  and  flushed  with  either  70% 
ethanol/30%  water  or  70%  ethanol/10%  w-pentanol/20%  water. 
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logk2w  =  0.43  -  0.69 log/:  (4-25) 

where  KN  was  used  here  for  K.  However,  the  values  of  (0M  that  produced  the  best  fits  to  the 
data  were  approximately  one  order  of  magnitude  lower  than  those  estimated  from  (4-25). 
This  phenomenon  is  discussed  in  greater  detail  below. 

The  (ow  values  that  were  obtained  from  fitting  the  ethanol/water  BTCs  were  also  used 
to  model  ethanol/n-pentanol/water  flushing.  Thus,  the  model  results  for  the  ethanol/water 
experiment  can  be  considered  fits  while  the  ethanol/tt-pentanol/water  model  results  are 
independent  predictions.  The  model  results  matched  the  measured  BTCs  closely  for  both 
cosolvent  mixtures,  indicating  that  cosolvent-enhanced  NAPL  dissolution  can  be  adequately 
represented  by  the  bicontinuum  sorption  model  of  (2-9)  and  (2-10).  These  data  also  suggest 
that  the  cosolvent-enhanced  dissolution  of  individual  constituents  from  a  multi-component 
NAPL  can  be  modeled  independently,  provided  that  the  appropriate  o  values  are  used. 

SPME.  Breakthrough  curves  that  were  measured  for  1,2,4-TMB,  w-undecane,  and 
H-dodecane  during  SPME  flushing  are  presented  in  Figure  4-3.  Because  /j-dodecane  was  the 
only  constituent  for  which  Scm  was  known  a  priori,  Fand  co  were  determined  by  fitting  this 
BTC.  Note  that  the  value  of  F required  to  fit  the  SPME  BTC  peak  heights  was  significantly 
higher  than  for  cosolvent  flushing  (0.8  vs  0.05).  Again,  the  same  value  of  F  was  used  for  all 
constituents.  However,  here  the  best-fit  value  of  w  for  n-dodecane  was  also  maintained  for 
all  constituents,  whereas  a>  was  different  for  each  constituent  for  cosolvent  flushing.  The 
implications  of  this  result  are  discussed  below.  The  simulated  and  measured  BTCs  shown 


■  data  nonequilibrium  model 

Figure  4-3.  Measured  and  simulated  BTCs  from  laboratory  columns  packed  with 
contaminated  soil  from  the  1996  Hill  AFB  field  site  and  flushed  with  the  SPME  precursor 
solution. 
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in  Figure  4-3  agree  closely,  indicating  that  the  two-site  nonequilibrium  desorption  model  can 
be  used  to  model  NAPL  microemulsification. 

Relationship  between  k-,  and  Ky  for  cosolvents  and  microemulsions.  Values  of  k£ 
and  KN  were  calculated  from  oow  and  i?cw  for  the  cosolvent  and  SPME  column  studies  using 
(2-13)  and  (2-2),  respectively.  These  values  are  plotted  on  a  log-log  scale  in  Figure  4-4 
along  with  the  empirical  relationship  of  Augustijn  (1 993),  (4-25),  determined  from  sorption 
of  organic  chemicals  onto  natural  soils.  For  the  SPME  experiment,  R™  values  were 
calculated  for  all  constituents  listed  in  Table  3-2  (not  all  shown  in  Table  4-2)  and  ww  =  1  was 
used  for  each.  For  the  cosolvent  experiments,  in  addition  to  the  data  from  Table  4-2,  k£  and 
Rvalues  for  o-xylene  and  H-decane  from  Dai  (1997)  are  also  included  in  Figure  4-4.  The 
cosolvent  data  in  Figure  4-4  followed  a  trend  very  similar  to  that  predicted  by  the  empirical 
approximation,  except  that  the      values  were  approximately  one  order  of  magnitude  lower 
for  the  dissolution  of  NAPL  constituents  than  would  have  been  predicted  for  the  desorption 
of  compounds  with  similar  partitioning  coefficients.    This  finding  is  consistent  with 
observations  made  by  Augustijn  (1993),  wherein  sorption  rate  constants  for  benzene  and 
toluene  on  an  aged,  coal  tar  contaminated  soil  from  a  manufactured  gas  plant  site  were  found 
to  be  approximately  one  order  of  magnitude  lower  than  those  expected  for  natural  sorbents. 
Augustijn  (1993)  hypothesized  that  the  physical  structure  of  the  coal  tar  was  relatively  less 
open  than  that  of  soil  organic  matter,  leading  to  more-restricted  transport  and  lower  rate 
constants  for  NAPL-contaminated  soil  than  for  soil  organic  matter. 

The  good  agreement  between  the  slopes  of  the  Augustijn  (1993)  regression  line  and 
that  for  the  cosolvent  data  presented  in  Figure  4-2  indicates  that  the  rate-limiting  mechanism 
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Figure  4-4.  Correlation  between  first-order  dissolution  rate  coefficient,  k2,  and  NAPL-water 
partitioning  coefficient,  KN,  for  cosolvents  and  microemulsions.  The  correlation  reported  by 
Augustijn  (1993)  between  desorption  rate  coefficient  and  soil-water  distribution  coefficient 
is  also  plotted  for  comparison. 
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for  cosolvent-enhanced  dissolution  of  multi-component  NAPLs  is  similar  to  that  of 
desorption.  The  elution  of  strongly  hydrophobic  constituents  is  more  rate-limited  than  the 
dissolution  of  weakly  hydrophobic  constituents  because:  (1)  the  diffusion  of  the  larger,  and 
therefore  more-hydrophobic,  molecules  through  the  organic  phase  is  slower  than  that  of 
smaller  molecules,  and  (2)  retardation  within  the  organic  phase  is  proportional  to  constituent 
hydrophobicity,  causing  delayed  transport  to  the  interface  between  the  organic  and  aqueous 
phases  for  more-hydrophobic  constituents. 

The  SPME  k2  values,  however,  were  constant  for  all  NAPL  constituents  and,  thus, 
did  not  agree  with  the  desorption  regression.  This  result  indicates  that  the  rate-limiting 
mechanism  for  microemulsification  is  likely  external  to  the  organic  phase  and  is,  instead, 
more  likely  related  to  diffusion-limited  constraints  on  access  of  the  micelles  to  the  interface 
between  the  organic  and  aqueous  phases.  The  conclusion  that  k2  is  independent  of  the  NAPL 
constituent  is  also  consistent  with  the  suggested  mechanism  of  microemulsification  (Figure 
3-1),  wherein  droplets  of  the  NAPL  itself  are  encapsulated,  as  opposed  to  selective 
dissolution  processes  wherein  individual  NAPL  constituent  molecules  are  solubilized. 

Finally,  k£  values  for  the  ethanol/w-pentanol/water  cosolvent  mixture  are  also 
plotted  in  Figure  4-4  for  each  NAPL  constituent.  These  data  are  presented  to  illustrate  that 
although  the  values  for  aqueous  dissolution  are  significantly  lower  than  the 
corresponding  SPME  values,  the  log-linear  relationship  of  (4-21)  results  in  a  dramatic 
reduction  in  the  effect  of  mass  transfer  rate  limitations  in  the  presence  of  a  relatively  strong 
cosolvent. 
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Field  Studies 

The  cosolvent  and  SPME  field  experiments  were  modeled  using  the  solubilization 
and  nonequilibrium  parameters  that  were  determined  from  the  laboratory  experiments. 
Therefore,  the  only  additional  parameters  required  to  model  the  field  experiments  were  those 
describing  the  field-scale  hydrodynamics.  The  field-scale  behavior  of  the  flushing  agents 
was  modeled  using  the  superposition  of  two  transport  equations,  and  the  dissolution  behavior 
was  similarly  modeled  using  the  superposition  of  two  solutions  to  (2-9)  and  (2-10).  This 
approach  is  conceptually  equivalent  to  considering  each  field  test  cell  as  a  two-layer  system. 
Thus,  model  predictions  were  obtained  for  each  layer  using  identical  input  parameters  except 
P,  and  the  resulting  BTCs  were  fractionally  superposed. 

Cosolvent.  In  order  to  minimize  flow  instabilities  induced  by  contrasts  in  the  bulk 
fluid  properties  between  the  flushing  solution  and  the  resident  groundwater,  a  gradient 
injection  program  was  implemented  to  deliver  the  cosolvent  mixture  over  a  period  of 
approximately  one  PV  (Jawitz,  1995;  Rao  et  al.,  1997).  During  the  gradient  injection,  a 
binary  ethanol/water  solution  was  used.  To  avoid  phase  separation,  n-pentanol  was  not 
introduced  until  one  PV  after  the  ethanol  reached  the  targeted  fraction  in  the  injection  fluid. 

Both  the  graded  injection  of  ethanol  and  the  delayed  injection  of  /j-pentanol 
complicated  modeling  of  the  field  cosolvent  flushing  experiment.  Because  of  the  gradient 
injection  program,  accurately  describing  the  flushing  solution  front  required  the 
incorporation  of  a  model  that  exhibited  enhanced  spreading  beyond  that  which  was 
representative  of  the  aquifer  material  heterogeneity.  Therefore,  instead  of  using  the 
preflushing  nonpartitioning  tracer  BTC  to  describe  the  propagation  of  the  flushing  solution, 
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a  fit  to  the  ethanol  elution  profile  was  obtained  using  the  superposition  of  two  lognormal 
distributions.  Because  the  ethanol  BTCs  from  all  three  EWs  were  similar,  a  single  fit  was 
used  (Figure  4-5).  Equivalent  P  values  for  each  BTC  mode,  calculated  by  equating  the  first 
two  moments  for  the  lognormal  and  ADE  models  (Table  2-1),  are  presented  in  Table  4-3 
along  with  the  fractional  contribution,/  of  the  first  mode. 

The  sequential  injection  of  relatively  weaker  and  stronger  solvents  resulted  in 
enhanced  chromatographic  separation  of  the  NAPL  constituent  BTCs  (Rao  et  al.,  1997; 
Sillan  et  al.,  1998).  Breakthrough  curves  presented  by  these  authors  indicated  that  the  least 
hydrophobic  constituents  (e.g.,  xylenes  and  1,2-DCB)  were  eluted  by  the  ethanol/water 
cosolvent  mixture,  while  the  most  hydrophobic  constituents  (e.g.,  «-undecane)  were  not 
removed  until  w-pentanol  was  injected.  Therefore,  the  following  modeling  approach  was 
implemented  here.  One  representative  NAPL  constituent  was  selected  from  both  the  less- 
hydrophobic  constituents  (1,2-DCB)  and  the  more-hydrophobic  constituents  («-undecane). 
The  elution  of  1,2-DCB  and  H-undecane  were  modeled  using  the  cosolvency  powers 
measured  for  70%  ethanol/30%  water  and  70%  ethanol/10%  n-pentanol/20%  water, 
respectively.  Also,  because  the  injection  of  w-pentanol  was  initiated  after  1.82  d 
(corresponding  to  1.37  PV,  1.86  PV,  and  1.60  PV  for  EWs  1,  2,  and  3,  respectively),  the 
arrival  times  of  the  modeled  n-undecane  BTCs  were  proportionately  delayed. 

The  measured  BTCs  for  1 ,2-DCB  and  «-undecane  from  each  EW  are  presented  in 
Figure  4-6,  along  with  the  corresponding  model  predictions.  The  nonequilibrium  model 
parameters  are  listed  in  Table  4-4.  The  model  predictions  match  the  data  well,  especially 
considering  that  all  of  the  model  input  parameters  except  P  were  determined  from  laboratory 
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Flow  time  (d) 


□  EW  1      a  EW  2      x  EW  3     —  model  fit 


Figure  4-5.  Ethanol  elution  profile  at  all  three  extraction  wells  (EWs)  from  the  cosolvent 
field  study,  with  a  model  fit  from  the  superposition  of  two  lognormal  distributions. 
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Table  4-3.  Hydrodynamic  parameters  for  the  cosolvent  and  SPME  flushing  field 
experiments. 


Experiment 

Px 

Pi 

/ 

Cosolvent  (same  for  all  EWs) 

15.3 

2.65 

0.60 

SPME 

EW  1 

19.3 

4.09 

0.65 

EW2 

44.7 

2.0 

0.20 

EW  3 

23.4 

1.68 

0.45 

Figure  4-6.  Measured  BTCs  and  nonequilibrium  model  predictions  for  the  elution  of  1,2- 
dichlorobenzene  (1 ,2-DCB)  and  n-undecane  from  all  three  EWs  of  the  cosolvent  field  study. 
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Table  4-4.  Nonequilibrium  model  input  parameters  for  selected  NAPL  constituents  from  the 
cosolvent  and  SPME  flushing  field  experiments. 


Cosolvent  SPME 


Parameter 

1,2-DCB 

«-undecane 

/^-xylene 

«-dodecane 

2.0E-2 

2.5E-5 

1.0 

1.0 

P" 

0.05 

0.05 

0.8 

0.8 

of 

4.23 

8.46 

7.43E+1 

4.03E+6 

/./* 

0.72 

0.82 

1.0 

1.0 

Rw 

EW  1 

6.81E+2 

9.61E+5 

1.65E+2 

8.62E+6 

EW2 

8.17E+2 

1.27E+6 

1.54E+2 

1.06E+7 

EW  3 

1.07E+3 

1.47E+6 

1.59E+2 

7.25E+6 

f  The  cosolvency  power  for  1 ,2-DCB  is  from  the  70%ethanol/30%  water  mixture,  while  the 
H-undecane  value  was  determined  from  (4-14)  using  the  values  from  Table  4-2  for  both 
cosolvent  mixtures.  The  o  value  for  H-dodecane  is  from  Table  4-2,  while  the  p-xylene  data 
was  calculated  from  (4-24)  with  S™^,^  =  198  mg/L  (Verscheuren,  1983). 
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measurements.  At  all  three  EWs,  n-undecane  elution  began  before  the  model  predicted, 
largely  because  some  n-undecane  was  removed  by  the  ethanol/water  solution. 

SPME.  The  preflushing  nonpartitioning  tracer  BTCs  from  all  three  extraction  wells 
of  the  SPME  field  experiment  were  fit  with  the  superposition  of  two  lognormal  distributions 
using  the  lognormal  truncated  moment  approach  (see  Appendix  B).  The  resulting  equivalent 
P  values  and  fractional  contribution  of  the  first  mode  are  listed  for  each  EW  in  Table  4-3. 
The  measured  BTCs  and  model  predictions  for  1 ,2,4-TMB  and  «-undecane  are  presented  for 
each  EW  in  Figure  4-7,  and,  again,  the  model  predictions  matched  the  data  well. 

Effect  of  Assuming  Equilibrium  Dissolution 

The  large  degree  of  heterogeneity,  and  the  correspondingly  low  P  values,  encountered 
at  the  field  scale  leads  to  the  question  of  whether  NAPL  constituent  BTC  spreading  is 
dominated  by  hydrodynamic  considerations.  Thus,  the  relative  impacts  of  media 
heterogeneity,  here  characterized  by  P,  and  dissolution  rate  constant  were  considered. 
Presented  in  Figure  4-8  are  selected  constituent  BTCs  from  the  cosolvent  and  SPME 
laboratory  column  studies  with  corresponding  model  fits  wherein  it  was  assumed  that 
dissolution  was  not  rate-limited  (i.e.,  P"  =  1.0).  Similar  BTCs  for  the  field  studies  are 
presented  in  Figure  4-9.  For  cosolvent  flushing,  the  NAPL  constituents  with  relatively  fast 
mass-transfer  rates  (i.e.,  high  values)  were  less  affected  by  assuming  equilibrium 
dissolution  than  those  subject  to  slow  mass  transfer.  For  SPME  flushing,  which  was  subject 
to  relatively  weak  nonequilibrium  conditions,  the  effect  of  assuming  equilibrium  dissolution 
was  smaller  than  that  observed  for  cosolvent  flushing.  The  combination  of  these  effects 
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Figure  4-7.  Measured  BTCs  and  nonequilibrium  model  predictions  for  the  elution  of  p- 
xylene  and  w-dodecane  from  all  three  EWs  of  the  SPME  field  study. 
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■  data  —  nonequilibrium  model 

-    equilibrium  model 

Figure  4-8.  Measured  BTCs  compared  to  nonequilibrium  and  equilibrium  model  predictions 
for  laboratory  columns  flushed  with  (a)  70%  ethanol/30%  water,  (b)  70%  ethanol/10%  n- 
pentanol/20%  water,  and  (c)  SPME  precursor  solution. 
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Figure  4-9.  Measured  BTCs  compared  to  nonequilibrium  and  equilibrium  model  predictions 
from  EW  3  and  EW  1  for  the  cosolvent  and  SPME  field  experiments,  respectively. 
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resulted  in  a  poor  fit  to  the  field  cosolvent  flushing  data  for  n-undecane  when  equilibrium 
dissolution  was  assumed,  whereas  errors  associated  with  assuming  equilibrium  dissolution 
were  much  smaller  for  cosolvent  flushing  of  1,2-DCB  and  SPME  flushing  for  all 
constituents. 

Conclusions 

The  first-order  rate  constants  estimated  here  for  cosolvent-enhanced  solubilization 
and  single-phase  microemulsification  supported  the  conclusion  that  the  NAPL  solubilization 
mechanisms  for  these  two  processes  were  different.  Solubilization  of  individual  constituents 
by  cosolvents  was  limited  by  the  rate  of  diffusion  or  transport  of  the  component  through  the 
organic  phase,  while  the  rate-limiting  step  for  microemulsification  was  independent  of  the 
NAPL  constituent  and  was  likely  external  to  the  organic  phase.  In  addition,  cosolvent- 
enhanced  solubilization  was  rate-limited  for  most  of  the  NAPL  (95%),  while  only  20%  was 
rate-limited  for  microemulsification.  Also,  the  solubilization  rate  constants  are  functions  of 
both  solvent  strength  and  concentration  in  solution,  but  are  likely  functions  only  of  access 
to  the  organic/aqueous  phase  interface  for  a  given  microemulsion  precursor  and  are  thus 
independent  of  the  concentration  of  the  precursor  in  solution.  The  data  presented  here  have 
shown  that  by  accounting  for  field-scale  hydrodynamic  variability,  laboratory-measured 
nonequilibrium  parameters  can  be  used  to  accurately  predict  field-scale  nonequilibrium 
NAPL  solubilization.  Finally,  the  effects  of  field-scale  media  heterogeneity  are  likely  to 
dominate  those  of  weakly  rate-limited  dissolution,  and  accurate  characterization  of  the 
former  may  be  sufficient  for  adequate  prediction  of  field-scale  NAPL  solubilization. 


CHAPTER  5 
CONCLUSIONS 


A  method  was  described  for  the  use  of  partitioning  tracer  BTC  moments  to  ascertain 
information  related  to  the  spatial  distribution  of  NAPLs  within  a  given  swept  volume.  The 
swept  volume  was  considered  as  a  bundle  of  streamtubes,  some  fraction  of  which  were 
contaminated.  Two  different  models  were  developed:  In  the  first  model,  the  NAPL 
saturation  in  each  contaminated  streamtube  was  assumed  to  be  the  same;  in  the  second 
model,  the  NAPL  saturations  in  the  contaminated  streamtubes  were  assumed  to  be 
distributed  lognormally.  One-dimensional  numerical  simulations  validated  that  the 
parameters  describing  the  distribution  of  NAPL  saturations  could  be  determined  for  both 
models  using  tracer  BTC  moments.  In  addition,  two-dimensional  numerical  simulations 
were  conducted  to  investigate  the  impact  of  a  correlation  between  NAPL  saturation  and 
nonpartitioning  tracer  travel  time,  which  was  considered  to  be  approximately  inversely 
proportional  to  hydraulic  conductivity.  These  simulations  indicated  that  for  correlated  cases, 
tracer  BTC  moments  could  still  be  used  to  determine  the  fraction  that  was  contaminated,  but 
an  adequate  initial  estimate  of  the  correlation  coefficient  was  required  to  determine  the 
distribution  of  the  NAPL  within  the  contaminated  zone. 

Laboratory  experiments  were  conducted  to  examine  the  underlying  assumptions  in 
the  homogeneous  binary  NAPL  distribution  model.    For  the  low-saturation  cases 
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investigated,  the  ability  to  determine  what  fraction  of  the  domain  was  contaminated  was  only 
marginally  impacted  by  flow  bypassing.  Also,  the  effects  of  nonlinear  partitioning  did  not 
seem  to  affect  the  results  for  the  NAPL  and  tracers  used.  However,  rate-limited  partitioning 
was  a  factor,  leading  to  excess  spreading  of  the  partitioning  tracer  BTC  within  the 
contaminated  zone.  This  effect  limits  the  ability  to  describe  the  NAPL  spatial  distribution 
within  the  contaminated  zone  without  also  accounting  for  nonequilibrium  effects.  However, 
the  ability  to  determine  the  fraction  of  the  domain  that  was  contaminated  was  only 
marginally  affected. 

Tracer  BTCs  measured  from  two  field  experiments  were  used  to  estimate  the  NAPL 
spatial  distribution  at  each  site.  The  true  distributions  were  unknown,  but  the  estimated 
contaminated  fractions  were  in  qualitative  agreement  with  data  from  soil  cores.  The 
distribution  of  saturations  within  the  contaminated  zone  that  was  estimated  at  one  of  the  sites 
was  compared  to  a  CDF  created  from  the  soil  core  data.  The  soil  core  CDF  showed  more 
variability  than  the  distribution  estimated  from  the  tracer  BTCs,  supporting  the  finding  from 
the  numerical  simulations  that  the  point  variability  of  a  parameter  is  damped  out  by 
integration  along  a  streamline. 

These  results  are  significant  for  the  design  of  in  situ  flushing  remediation  systems 
because  the  delivery  of  flushing  fluids  to  uncontaminated  zones  is  both  inefficient  and 
expensive.  More  efficient  and  less  expensive  remediation  designs  can  be  implemented  if  the 
fraction  of  the  swept  zone  that  is  uncontaminated  can  be  ascertained.  The  determination  of 
the  NAPL  saturation  distribution  within  the  contaminated  zone  is  also  useful;  however, 
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estimates  of  the  distribution  parameters  may  be  influenced  by  nonequilibrium  tracer 
partitioning  or  possible  correlations  between  NAPL  saturation  and  hydraulic  conductivity. 

A  field-scale  in  situ  flushing  NAPL  source  zone  remediation  experiment  was 
described.  The  flushing  solution  consisted  of  a  surfactant/alcohol  mixture  that  was  designed 
to  solubilize  the  NAPL  as  a  single-phase  microemulsion.  The  performance  of  the  field 
experiment  was  evaluated  in  terms  of  the  remediation  effectiveness  and  efficiency  at  two 
scales:  the  flushed-zone-average  scale  and  the  control  plane  scale.  In  addition,  the  efficiency 
of  the  SPME  flood  was  compared  to  that  of  an  earlier  cosolvent  flood  at  a  similar  site. 

Soil  core  data  indicated  that  approximately  90-95%  of  the  most  prevalent  NAPL 
constituents  were  removed  from  the  flushed  zone  by  the  SPME  flood.  A  comparison  of  pre- 
and  post-flushing  partitioning  tracer  data  indicated  that  about  72%  of  the  measured  NAPL 
volume  was  removed  by  the  SPME  flood.  Integration  of  NAPL  constituent  BTCs  measured 
at  the  EWs  indicated  55-75%  removal  of  the  target  NAPL  constituents,  when  partitioning 
tracer  data  were  used  to  estimate  the  initial  amount  of  NAPL  present;  and  60-1 75%  removal 
of  two  target  constituents  when  soil  core  data  were  used  to  estimate  the  amount  of  NAPL 
initially  present.  Data  from  partitioning  tracer  and  NAPL  constituent  BTCs  measured  at  the 
MLSs  were  averaged  at  successive  control  planes,  resulting  in  good  agreement  with  the  EW 
data.  The  implication  of  these  results  is  that  the  SPME  flood  effectively  removed  the  NAPL 
constituents  of  concern,  but  an  insoluble  anthropogenic  residue  may  have  been  left  behind. 

The  data  presented  here  have  demonstrated  that  neither  cosolvent  nor  SPME  flushing 
was  markedly  more  efficient  than  the  other.  However,  the  numerical  simulations  of 
enhanced  aquifer  remediation  supported  the  conclusion  that  the  NAPL  solubilization 
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mechanisms  for  these  two  processes  were  different.  Solubilization  of  individual  constituents 
by  cosolvents  was  limited  by  the  rate  of  diffusion  or  transport  of  the  component  through  the 
organic  phase,  while  the  rate-limiting  step  for  microemulsification  was  external  to  the 
organic  phase  and  all  constituents  were  eluted  essentially  simultaneously.  Because  the 
multilevel  sampler  data  and  numerical  simulation  results  indicated  that  both  technologies  are 
subject  to  rate  limitations,  fluid  flow  rates  and  the  resultant  pore  water  velocities  under  which 
these  technologies  may  be  implemented  are  an  important  consideration.  Greater  NAPL 
removal  efficiencies  may  be  possible  at  lower  flow  rates  than  were  used  in  these  two  studies, 
but  the  effect  of  longer  flushing  durations  on  total  project  costs  must  be  considered. 

Finally,  the  field  data  presented  here  have  shown  that  accurate  characterization  of  the 
hydrodynamic  variability  within  a  given  swept  volume  facilitates  both  the  characterization 
of  the  NAPL  saturation  distribution  and  the  prediction  of  NAPL  solubilization.  Partitioning 
tracer  higher  moments  can  be  used  to  estimate  the  fraction  of  the  streamtubes  that  are 
contaminated  and  laboratory-measured  nonequilibrium  parameters  can  be  used  to  predict 
field-scale  nonequilibrium  NAPL  solubilization. 


APPENDIX  A 

GENERAL  EXPRESSION  FOR  THE  MOMENTS  OF  THE  PRODUCT 
OF  CORRELATED  LOGNORMAL  RANDOM  VARIABLES 


The  product,  A,  of  two  lognormal  random  variables,  X  and  Y,  is  also  a  lognormal 
random  variable  (Jury  and  Roth,  1990): 

A  -  XY       pA  =  \ix  +  \iY,  a]  =  o2x  +  o2Y  +  2poxoY  (A-l) 

For  the  general  case  of  XaYb,  let  us  consider  each  random  variable  separately  (e.g.,  X").  For 
a  =  2 ,  (A- 1 )  indicates  that  the  product  of  X  and  X  is  a  lognormal  random  variable,  B: 

B  =  X-X       ufl  =  2\ix,  a\  =  o2x  +  a2x  +  2axax=  4ox  (A-2) 

where  p  =  1  (i.e.,  perfect  correlation  between  X  and  X).  Extending  this  approach  to  the 
product  BX,  equivalent  to  a  =  3,  produces  another  lognormal  random  variable,  C: 

C  =  BX  =  X3      uc  =  uB  +  uv  -  3 uv,  a2c  =  o2B  +  a2x  +  2oBax  =  9oj^  (A-3) 
Thus,  (A-l)  can  be  iteratively  applied  with  the  following  general  form: 

Z  =  X"       Vz  =  apjp  az  =  aox  (A-4) 

Also  according  to  (A-l),  if  Z  =  X"  is  a  lognormal  random  variable,  then  the  product  A"}*  is 
also  a  lognormal  random  variable,  P: 
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P  =  XaYb       \xp  =  a\ix  +  b\iy,  Op  =  a2Ox  +  b2Oy  +  2paboxoY 


2  2  A  ,2  2 
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(A-5) 


The  expected  value  of  P  can  then  be  determined  from  the  lognormal  distribution  first 
moment  (Table  2-1): 


E[P]  =  E\xaYb]  =  m?  =  exp 


which  is  equivalent  to 


a2o2x  +  b2a2Y  +  laba^^ 


a\xx  +  b\iY 


(A-6) 


E\xaYb]  =  exp 


2  2 


a  a 


x 


exp 


b\iY  + 


b2a2Y 


exp 


1  laboQyfi^ 


(A-7) 


Finally,  (A-7)  can  be  simplified  to  the  following  general  expression  for  the  moments  of  the 
product  of  two  correlated  lognormal  distributions: 


E\xaYb]  =  mfmjexpiabpo^y) 


(A-8) 


APPENDIX  B 

EXAMPLE  APPLICATIONS  OF  LOGNORMAL  DISTRIBUTION 
TRUNCATED  TEMPORAL  MOMENT  EXPRESSIONS 


First  Lord.  How  mightily  sometimes  we  make  us  comforts  of  our  losses! 
Second  Lord.  And  how  mightily  some  other  times  we  drown  our  grain  in 


Accurate  parameter  estimation  using  the  method  of  moments  for  incomplete 
lognormal  distributions  requires  the  solution  of  (2-55)  through  iterative  regression  for  u  and 
o.  The  regression  criterion  that  was  minimized  when  solving  (2-55)  was  the  root  mean 
squared  deviation,  RMSD,  between  the  measured  and  computed  truncated  moments: 


where  the  superscripts  m  and  c  represent  measured  and  computed  values,  respectively,  and 
p  is  the  number  of  moments  used.  Only  two  moment  equations  are  required  to  provide 
estimates  of  u  and  o  using  (2-55)  and  (B-l),  however,  for  cases  where  the  model  does  not 
provide  an  exact  fit  to  the  measured  data,  inclusion  of  the  third  moment  provides  an 
additional  constraint  on  the  regression  and  places  extra  emphasis  on  the  late-time  data. 
Because  accurate  estimation  of  both  lower  and  higher  order  moments  requires  consideration 
of  both  early-  and  late-time  data  (i.e.,  BTC  peak  and  tail  portions,  respectively),  the  first 


RMSD 
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(B-l) 
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three  temporal  moments  were  used  in  (2-55)  and  (B-l).  All  nonlinear  regressions  presented 
here  were  performed  using  the  optimizing  routine  from  a  spreadsheet  software  package 
(Corel  Quattro  Pro). 

Superposition 

The  Mh  normalized  moment  of  a  BTC  formed  from  the  superposition  of  n  transport 
equation  solutions  can  be  expressed  as  follows: 

n-i  n-\ 

mNT  =  £  +  (1  -£  F)mN         n  >  1  (B-2) 

where  F,  represents  the  fractional  contribution  from  the  /th  portion  of  the  domain.  This 
approach  is  conceptually  equivalent  to  representing  the  domain  as  a  non-interacting  layered 
system.  Expansion  of  the  general  superposition  relation  of  (B-2)  for  the  TME  of  (2-55) 
results  in  the  following  bi-lognormal  (Bi-LN)  and  tri-lognormal  (Tri-LN)  moment 
expressions  («  =  2  and  3,  respectively): 

\U  =/,exp(7Vu1+7V2o12/2)I 

+  (1  -/,)exp(iVu2+^2o22/2)- 


erf 


+ 1 


erf 


v/2 


+  1 
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%r(U)  =fi^Nii1+N\2/2)i 
+f2exp(Nv2+N2o22/2)± 

+  (1  -fx  -/2)exp(^3+A^V2)  | 
where  /;  was  considered  to  be  zero  (this  assumption  was  made  for  all  cases  considered  here). 

Nonlinear  Regression  and  Exponential  Extrapolation 

The  nonlinear  regression  (NLR)  method  involves  the  selection  of  the  set  of  model 
parameters  which  minimizes  the  discrepancy  between  the  measured  data  and  a  model.  The 
selection  of  an  appropriate  criterion  to  quantify  the  model  fit  is  a  subject  that  has  received 
considerable  attention  (e.g.,  Aitchison  and  Brown,  1957;  Anderssen  and  White,  1970; 
Stedinger,  1980;  Jury  and  Sposito,  1985).  The  criterion  used  by  Helms  et  al.  (1999)  to  fit 
incomplete  BTC  data  was  to  minimize  the  sum  of  the  squares  of  the  differences  between  the 
measured  and  computed  concentration  values,  or  the  sum  of  the  squared  residuals  (SSR). 
However,  the  SSR  quantifies  absolute  concentration  differences  and  is  thus  biased  towards 
higher  concentration  values.  The  RMSD  criterion,  which  quantifies  relative  differences,  was 
used  here,  where  C  was  replaced  by  m  in  (B-l).  The  RMSD  criterion,  however,  may  be 
biased  towards  portions  of  the  BTC  characterized  by  very  steep  slopes,  such  as  during  the 
initial  rise  in  the  frontal  limb.  Therefore,  frontal  limb  data  points  of  C/C0  <  0.001  were 
excluded  from  the  regressions  performed  here. 
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Model  parameters  are  determined  using  the  exponential  extrapolation  method  by 
matching  the  complete  moment  expressions  determined  from  (2-56)  to  the  sums  of  the 
numerically  integrated  moments  of  the  incomplete  BTC,  m^Q,  tniax),  and  the  moments  of  an 
exponential  extrapolation  of  the  BTC  tail  data,  m^t^,  °°): 

mN  =  ™v(°''max)  +  "VCmax'00)  (B-5) 

The  moment  equations  for  the  exponentially  extrapolated  fraction  are  presented  elsewhere 
(Helms  et  al.,  1999). 

Synthetic  Data  Set  Examples 

The  synthetic  cases  presented  here  were  created  to  represent  a  range  of  BTC 
complexity.  The  simplest  synthetic  BTC  was  generated  from  the  dimensionless  form  of  the 
Lapidus  and  Amundson  (1952)  solution  to  the  one-dimensional,  flux-averaged  ADE  for  a 
pulse  input  of  solute  in  a  semi-infinite  domain  that  was  presented  by  van  Genuchten  and 
Alves  (1982).  The  second  synthetic  case  was  generated  through  the  superposition  of  three 
ADE  analytical  solutions  (Tri-ADE)  in  order  to  represent  a  more  complicated  flow  domain. 
The  superposition  was  performed  as  described  by  (B-2),  with  mN  replaced  by  the  relative 
concentration,  C(/)/C0.  Finally,  the  third  synthetic  BTC  was  created  using  the  two-site 
nonequilibriumadvection-dispersion  transport  model  (Nkedi-Kizzaetal.,  1984).  This  model 
was  selected  because  of  its  ability  to  describe  both  physical  and  chemical  nonequilibrium 
solute  transport,  characterized  by  a  first-order  mass  transfer  step,  while  producing  the  desired 
BTC  characteristics  representative  of  field-scale  transport,  namely  a  relatively  sharp  peak 
followed  by  an  elongated  tail.  The  governing  equations  for  this  model,  (2-9)  and  (2-10), 
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were  solved  using  the  numerical  code  UFBTC  (Jessup  and  Rao,  1 990).  The  first  three  pulse- 
corrected,  normalized  temporal  moment  equations  for  both  the  equilibrium  and 
nonequilibrium  ADEs  are  presented  in  Table  2-1 . 

Each  synthetic  BTC  was  treated  as  a  pulse  input  of  t0  =  0.15  pore  volumes  (PV). 
Also,  each  synthetic  BTC  was  truncated  at  the  time  corresponding  to  either  C/C0  =  0.001,  a 
value  which  may  be  a  practical  limit  for  many  tracer  experiments  with  C0  values  on  the  order 
of  1 000  mg/L  and  analytical  detection  limits  on  the  order  of  1  mg/L  (see  Chapter  3;  Annable 
et  al.,  1998),  or  /  =  5  pore  volumes  (PV),  depending  on  which  occurred  sooner.  For  each 
synthetic  case,  the  true  values  of  the  first  three  complete  temporal  moments  were  compared 
to  the  estimated  values  obtained  from  numerical  integration  of  the  truncated  BTC, 
exponential  extrapolation,  NLR,  and  TMEs.  The  measured  truncated  moments  were 
normalized  by  the  true  complete  zeroth  moments.  Similarly,  NLR  of  (2-14)  was  performed 
using  the  true  complete  t0  values.  The  values  for  the  complete  moment  estimates  from  the 
NLR  and  TME  methods  were  determined  from  the  lognormal  moment  equations  shown  in 
Table  2-1  using  the  optimized  lognormal  parameters.  The  error  in  the  complete  moment 
estimates  was  determined  from  the  RMSD  between  the  estimated  and  true  values  for  the  first 
three  moments.  Also,  BTCs  generated  with  the  model  parameters  estimated  from  each 
method  were  compared  to  the  synthetic  data  for  each  case. 

Case  1 :  Single  APE.  The  synthetic  BTC  shown  in  Figure  B- 1  a  was  created  from  the 
ADE  analytical  solution  with  P  =  15  and  R  =  2.  Truncation  at  a  relative  concentration  of 
0.001  corresponded  to  /  =  4.8  PV  and  the  arrival  of  99.6%  of  the  input  mass. 
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PV 

n  Synthetic  data  +  Extrapolation  NLR   TME 


Figure  B-l.  Truncated  synthetic  BTCs  with  lognormal  NLR  and  TME  fits  and 
exponential  extrapolation  for  (a)  single  ADE,  (b)  superposition  of  three  ADEs,  and  (c) 
nonequilibrium  ADE  models. 
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The  true  moments,  determined  from  the  equations  presented  in  Table  2-1  using  the 
parameters  given  above,  are  compared  to  the  values  determined  from  each  estimation  method 
in  Table  B- 1 .  The  three  different  RMSD  criteria  listed  in  Table  B- 1  represent  the  deviation 
between  the  model  and  the  truncated  data,  the  truncated  moments  of  the  model  and  the 
moments  of  the  truncated  data,  and  the  complete  moments  of  the  model  and  the  complete 
moments  of  the  data,  respectively.  A  comparison  of  the  Complete  Moments  RMSD  criteria 
indicates  that  the  application  of  the  ordinary  method  of  moments  to  the  incomplete  data 
provided  the  least  accurate  estimates  of  the  true  moments,  while  NLR  improved  the  estimates 
and  the  exponential  extrapolation  and  truncated  moment  methods  both  provided  very  good 
estimates.  The  BTCs  generated  using  the  optimized  NLR  and  TME  model  parameters  both 
matched  the  data  well  and  were  nearly  indistinguishable  from  each  other  (Figure  B-la). 

Case  2:  Tri-ADE.  The  parameters  used  to  create  the  second  synthetic  BTC  (Figure 
B-lb)  are  listed  in  Table  B-2.  Truncation  at  t  =  5.0  PV  corresponded  to  a  relative 
concentration  of  0.002  and  the  arrival  of  99.2%  of  the  input  mass. 

The  example  presented  above  (Case  1),  and  those  presented  by  Helms  et  al.  (1999), 
demonstrate  that  model  parameters  and  complete  moments  for  truncated  synthetic  BTCs  can 
be  recovered  through  the  application  of  NLR  or  TME  methods  which  incorporate  either  the 
same  model  that  was  used  to  generate  the  data,  or  mathematically  similar  models  (e.g., 
lognormal  and  ADE).  The  purpose  of  the  next  two  examples  is  to  examine  the  utility  of 
these  moment  estimation  methods  when  using  less  appropriate  models.  Therefore,  the  Tri- 
ADE  data  set  moments  were  estimated  using  single,  bi-,  and  tri-lognormal  NLR  and  TME 
methods,  in  addition  to  exponential  extrapolation. 
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Table  B-l.  True  and  estimated  moments  and  estimation  errors  for  the  synthetic  examples. 


Moments  RMSD  Criteria 

Truncated    Truncated  Complete 

m'      m1  m3 

Estimation  Method  Data       Moments  Moments 


Case  1 :  Single  ADE 


Complete  data 

2.08 

4.84 

12.69 

- 

- 

- 

Incomplete,  tmax  =  4.8  PV 

2.05 

4.72 

12.03 

- 

- 

0.034 

Extrapolation 

2.08 

4.84 

12.71 

- 

- 

0.001 

NLR:  Single  LN 

2.09 

4.91 

12.90 

0.048 

1.33E-2 

0.014 

TME:  Single  LN 

2.08 

4.85 

12.76 

0.090 

1.37E-4 

0.003 

Case  2:  Tri-ADE 

Complete  data 

1.93 

4.41 

12.13 

- 

- 

- 

Incomplete,  tmax  =  5.0  PV 

1.89 

4.15 

10.67 

- 

- 

0.079 

Extrapolation 

1.95 

4.55 

13.08 

- 

- 

0.049 

NLR:  Single  LN 

2.02 

4.53 

11.25 

0.496 

6.40E-2 

0.052 

Bi-LN 

1.99 

4.80 

14.64 

0.123 

9.21E-3 

0.131 

Tri-LN 

1.94 

4.43 

12.24 

0.019 

1.28E-4 

0.006 

TME:  Single  LN 

1.92 

4.38 

11.95 

2.693 

3.11E-3 

0.011 

Bi-LN 

1.97 

4.67 

13.96 

0.226 

1.98E-5 

0.094 

Tri-LN 

1.94 

4.42 

12.21 

0.022 

1.33E-5 

0.004 

Case  3 :  ADE  Nonequilibrium 

Complete  data 

1.28 

4.17 

27.13 

Incomplete,      =  5.0  PV 

0.97 

1.71 

4.78 

0.601 

Extrapolation 

1.28 

4.22 

27.81 

0.016 

NLR:  Tri-LN 

1.30 

4.72 

40.44 

0.027 

6.33E-4 

0.293 

TME:  Tri-LN 

1.22 

3.76 

25.23 

0.215 

3.65E-4 

0.075 
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Table  B-2.  True  and  estimated  model  parameters  for  the  synthetic  examples. 


Model  Parameters 


ADE: 

Px 

fx 

R2 

fi 

*3 

^3 

Estimation  Method 

LN: 

Hi 

fx 

°2 

ft 

Case  1:  Single  ADE 

True  (ADE) 

2.0 

15.0 

1.0 

- 

- 

- 

- 

- 

True  (LN) 

0.67 

0.34 

1.0 

- 

- 

- 

- 

- 

NLR  -  Single  LN 

0.68 

0.34 

1.0 

- 

- 

- 

- 

- 

TME  -  Single  LN 

0.67 

0.34 

1.0 

- 

- 

- 

- 

- 

Case  2:  Tri-ADE 

True  (ADE) 

1.25 

169 

0.19 

1.82 

19.3 

0.75 

4.0 

50.0 

True  (LN) 

0.28 

0.11 

0.19 

0.60 

0.30 

0.75 

1.39 

0.20 

NLR:  Single  LN 

0.65 

0.32 

1.0 

- 

- 

- 

- 

- 

Bi-LN 

0.48 

0.25 

0.73 

0.97 

0.41 

- 

- 

- 

Tri-LN 

0.27 

0.12 

0.20 

0.60 

0.30 

0.73 

1.37 

0.21 

TME:  Single  LN 

0.56 

0.42 

1.0 

Bi-LN 

0.45 

0.21 

0.70 

0.96 

0.39 

Tri-LN 

0.28 

0.12 

0.20 

0.60 

0.30 

0.73 

1.37 

0.20 

Case  3:  ADE  Nonequilibrium 

NLR:  Tri-LN 

-0.44 

0.31 

0.60 

-0.46 

0.21 

0.17 

0.95 

0.72 

TME:  Tri-LN 

-0.45 

0.25 

0.41 

-0.46 

0.21 

0.37 

0.93 

0.65 
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A  comparison  of  the  Truncated  Data  RMSD  criteria  in  Table  B- 1  indicates  that  as  the 
model  complexity  increased,  the  fit  to  the  data  improved  for  both  the  NLR  and  TME 
methods,  with  the  NLR  fits  producing  the  smallest  deviations.  A  similar  trend  was  observed 
with  the  Truncated  Moments  RMSD  criteria,  with  the  TME  method  producing  the  smallest 
deviations.  The  Complete  Moments  RMSD  criteria  revealed  that,  for  both  the  NLR  and 
TME  approaches,  only  the  Tri-LN  models  produced  more  accurate  estimates  than  the 
exponential  extrapolation  method,  with  the  Bi-LN  models  providing  worse  estimates  than 
would  have  been  obtained  from  the  application  of  the  ordinary  method  of  moments  to  the 
incomplete  data.  However,  the  Complete  Moments  RMSD  criteria  also  indicate  that,  at  each 
level  of  model  complexity,  better  moment  estimates  were  obtained  from  the  TME  method 
than  from  the  NLR  method.  Only  the  Tri-LN  model  fits  are  shown  in  Figure  C- 1  b,  and  again 
both  the  NLR  and  TME  methods  provided  good  fits  to  the  data. 

Case  3:  Nonequilibrium  APE.  The  following  dimensionless  parameters  were  used 
to  generate  the  third  synthetic  BTC  (Figure  B-lc):  P  =  20,  R  =  1.2,  p  =  0.5,  and  o  =  0.3. 
These  parameters  were  selected  to  create  an  asymmetric  BTC  characterized  by  an  early  peak 
and  extensive  tailing.  Truncation  at  /  =  5.0  PV  corresponded  to  a  relative  concentration  of 
0.003  and  the  arrival  of  95.8%  of  the  input  mass. 

The  Tri-LN  models  provided  better  fits  to  the  synthetic  data  than  did  the  single  and 
Bi-LN  models,  for  both  the  NLR  and  TME  methods,  and  thus  only  the  Tri-LN  results  are 
shown  in  Table  B-l  and  Figure  B-lc.  Note  that  the  TME  method  produced  significantly 
better  moment  estimates  than  the  NLR  method.  However,  because  the  nonequilibrium  model 
is  based  on  a  first-order  mass  transfer  assumption,  the  tail  portion  of  the  synthetic  BTC  is 
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well  approximated  by  an  exponential  decay,  and  the  exponential  extrapolation  method  thus 
produced  the  best  estimates  of  the  true  moments. 

Conclusions 

As  BTC  data  measurement  durations  become  infinite  and  relative  concentrations 
approach  zero,  moment  estimates  obtained  from  numerical  integration  approach  the  true 
moment  values.  However,  in  many  real  applications  experiment  durations  are  limited  and 
BTCs  are  truncated,  leading  to  erroneous  results  when  the  ordinary  method  of  moments  is 
applied.  Thus,  the  use  of  truncated  moment  expressions  is  suggested.  The  TME  method  was 
compared  to  other  moment  estimation  methods  which  also  require  the  selection  of  a  model 
in  order  to  extrapolate  beyond  the  measured  data.  For  all  cases  presented  here,  the  models 
selected  to  fit  the  data  were  similar  to,  but  not  exactly  the  same  as  the  models  used  to 
generate  the  data.  In  every  case,  the  TME  method  provided  better  moment  estimates  than 
did  the  NLR  method,  even  when  an  inappropriate  model  was  applied.  However,  the 
accuracy  of  the  TME  method  may  be  constrained  by  the  temporal  discretization  between  data 
points,  or,  more  seriously  by  the  presence  of  gaps  in  the  measured  data.  Finally,  while  it  is 
emphasized  that  the  best  moment  estimates  are  obtained  when  the  selected  model  exhibits 
features  similar  to  those  observed  in  the  measured  data  (e.g.,  exponential  extrapolation  is 
likely  to  be  the  most  accurate  moment  estimation  approach  in  systems  dominated  by  first- 
order  processes),  the  lognormal  distribution  truncated  moment  approach  may  nonetheless  be 
preferred  for  many  applications  because  of  its  analytical  simplicity  and  computational  ease 
compared  to  other  process-based  models  of  solute  transport. 


APPENDIX  C 

PARAMETERS  REQUIRED  TO  CALCULATE  NAPL  REMOVAL 
EFFICIENCIES  FOR  THE  COSOLVENT  AND  SPME  FIELD  STUDIES 
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Table  C-l.  Cosolvent  flushing  EW  BTC  moments  and  soil  concentrations  for  selected 
NAPL  constituents. 


EW  BTC  Moments        Soil  Concentrations 


Mass  Fraction a 

m0a-b 

mx b 

X  c 

pre 

(mg/kg) 

X  ,d 

post 

(mg/kg) 

NAPL  Constituent 

(mg/g) 

(kg) 

(kL) 

DCB 

0.61 

0.442 

5.45 

34.1 

3.32 

1,3,5-TMB 

0.083 

0.128 

6.74 

NM 

NM 

H-decane 

0.52 

0.621 

7.16 

46.7 

6.15 

H-undecane 

1.60 

1.207 

7.97 

NM 

NM 

NM,  not  measured  in  the  cosolvent  cell.  a  From  Rao  et  al.  (1997).  b  Flux-averaged  values 
for  all  three  EWs. c  n  =  64  samples  from  within  the  flushed  zone. d  n  =  71. 


Table  C-2.  SPME  and  cosolvent  soil  parameters  and  flux-averaged  EW  swept  volumes  and 
NAPL  saturations. 


Parameter 

SPME 

Cosolvent 

Average  porosity 

0.14 

0.20 b 

NAPL  density 

(g/cm3) 

0.88 

0.85 

Assumed  bulk  density 

(g/cm3) 

1.7 

1.7 

(kL) 

2.01 

1.77 b 

pre 

0.061 

0.054 b 

"past 

0.017 

0.010 c 

a  Flux-averaged  values  for  all  three  EWs.  b  From  Annable  et  al.  (1 998). c  From  Sillan  (1999). 
The  additional  parameters  required  for  the  SPME  study  are  listed  in  Tables  3-2  and  3-3 
(mass  fractions  of  individual  constituents  in  the  NAPL  and  zeroth  and  first  moments  of 
constituent  BTCs  measured  during  flushing). 
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